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after Overproduction in Escherichia coli
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The B-glucanase gene (bgl) from Bacillus amyloliquefaciens was expressed in E. coli CSH 55
under the control of the Py promoter of phage A that is repressed by the thermosensitive re-
pressor C,qs,. Production of B-glucanase was drastically stimulated by a temperature shift to
42 "C. This overexpression of the bgl gene (about 20% of the total cellular protein) led to an
almost complete excretion of the otherwise periplasmic protein into the extracellular medium,
B-glucanase accounted for more than 50% of the extracellular proteins.

ColE 1 related plasmid (pEG 1) are amplified in E. coli relA strains in response to an amino
acid limitation leading to a 10-fold increase in the activity of plasmid encoded genes. In this
work we intended to maximize the expression of the bgl gene by a concerted action of a plas-
mid amplification and temperature induction. Surprisingly we could not increase the
B-glucanase production above the level reached by plasmid amplification or temperature in-
duction alone. The reasons for this unexpected result will be discussed. Under all conditions
tested the expression of the bgl gene was much lower in the E. coli relA strain NF 162 than in
E. coli CSH 55; the low B-glucanase production was accompanied by a reduced excretion rate

of the enzyme.

Introduction

Genetic engineering methods have facilitated
the expression of foreign genes in Escherichia coli.
Two main approaches have been applied in order
to enhance the expression of foreign genes: (i) to
increase the gene dosage by amplification of chro-
mosomal genes or by plasmid amplification [1—3];
(11) to bring the foreign gene under the control of a
very strong [4] and regulable promoter (for review
see [5]).

In this study we tried to combine the amplifica-
tion of plasmids with the application of strong and
regulable promoters in order to maximize the ex-
pression of foreign genes in E. coli. We found that
in E. colirelA strains Col E I-related plasmids were
amplified about 5- to 8-fold in response to amino
acid starvation [6, 7]. It is noteworthy that strin-
gently controlled strains did not amplify the plas-
mid under the same conditions [7, 8]. This amplifi-
cation system is suitable for analyzing the overex-
pression of plasmid-encoded genes. We studied the
expression of a cloned f-glucanase gene (bgl) from
Bacillus amyloliquefaciens [9]. After amplification
of bgl-encoding plasmids an about tenfold in-
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crease of B-glucanase production was measured
[10].

A further enhancement of bgl expression is ex-
pected when plasmid amplification would be com-
bined with the application of strong and regulable
expression systems. Therefore the original bgl pro-
moter was replaced by the strong phage lambda
promoter Py which is controlled by the thermosen-
sitive repressor C¢s; [11]. After temperature shift
up we found a very strong stimulation of bgl ex-
pression. It is interesting to note that this over-
production of the normally periplasmic B-gluca-
nase [9] led to the excretion of the enzyme into the
culture medium. However, we have not succeeded
yet in further increasing the bgl expression by a
concerted action of plasmid amplification and tem-
perature induction. The reasons for this unexpect-
ed result will be discussed.

Materials and Methods

Plasmids pEG 1 [9] and pCEZ 12 [11] were di-
gested with EcoRI, the corresponding fragments
ligated (Fig. 1) and transformed into several E. coli
strains (see Table I). The strain CSH 55 was grown
at 30 C under continuous shaking in a synthetic
medium [12] supplemented with thiamine (10 mg/1)
and glucose (2 g/1). The relA*/relA-strains were

@NOIS)

in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fur Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



S. Riethdorf ez al. - Bacillus B-Glucanase Overproduction and Excretion in E. coli 241

RS

pCEG 16
7865 kbp

Fig. 1. Construction of pCEG 16. Plasmid pEG con-
tains a 3,6 kb EcoR I-fragment of Bacillus amyloliquefa-
ciens DNA carrying the bgl gene inserted into the EcoR 1
site of pBR 322 [9]. The EcoR I-fragment of pEG 1 con-
taining the bgl gene was ligated with the 4.05 kb EcoR I-
fragment of pCEZ 12 yielding a construct in which the
bgl gene can be expressed from the phage A promoter Py.

Table 1. E. coli strains used in this study.

Strain Genotype Source

CSH 55 A (lac pro), supE, nalA, thi, thislab
(F'lacZ, pro A™ B)

NF 161 met, arg, spoT B. Bachmann

NF 162 met, arg, spoT relA B. Bachmann

grown in the same medium but supplemented with
thiamine (10 mg/1), glucose (6 g/1), Na,HPO, x 12
H,O (322 mg/l), arginine and methionine (each
25 mg/l). After strains NF 161 and NF 162 had en-
tered the stationary phase as a result of arginine
exhaustion, amino acids were added again after
10 h of starvation in order to allow an optimal ex-
pression of the amplified DNA. For the inactiva-
tion of the C, g5, repressor one half of the culture
was shifted to 42 °C and the other half remained at
30 “C as control.

The plasmid content was determined according
to Frenkel and Bremer [13] and the activity of

B-glucanase was measured according to Borriss
([14], see also [10]). Enzyme activity is expressed as
units per cell mass [Uxml ™' x Ay,"']. One unit
was defined as the amount of B-glucanase releas-
ing sugar residues at 37 "C with a reducing action
of 1 umol glucose.

Cellular B-glucanase was obtained by sonication
of washed cell suspensions. The preparation of
proteins for electrophoretic analysis was described
by Georgiou et al. [15]. Proteins were separated in
a 10 to 20% SDS polyacrylamide gradient gel con-
taining 0.2% lichenan [16]. The zymogram tech-
nique for the detection of B-glucanase in poly-
acrylamide gradient gels was performed as
described previously [17].

Results and Discussion

Plasmid pCEG 16 encodes the bgl gene of Bacil-
lus amyloliquefaciens. In addition to its original
promoter the construct carries the promoter Py of
phage A which is controlled by the thermosensitive
repressor C g7 [11]. At 30 "C C, g5, represses the Py
promoter but after a temperature shift to 42 "C the
repressor is inactivated. Exponentially growing
cells of E.coli CSHSS harbouring the plasmid
pCEG 16 contained only a low B-glucanase activi-
ty at 30 “C due to the original bgl promoter from
Bacillus [9]. The enzyme activity was mainly local-
ized in the periplasmic space [9]. After a tempera-
ture shift to 42 "C the B-glucanase activity was
drastically enhanced (Fig. 2). This overproduction
of B-glucanase was accompanied by leakage of the
otherwise periplasmic protein into the culture me-
dium. Eleven h after the temperature shift up to
80% of the B-glucanase activity was found in the
culture medium. The absence of intracellular mar-
ker enzymes (e.g. glucose-6-phosphate dehydro-
genase) in the growth medium indicates that this
enzyme excretion was specific and not due to cell
lysis.

Our electrophoretic analysis showed that the
cloned gene product accounted for about 20% of
the total cellular protein (Fig. 3). The B-glucanase
was identified on the gel by a zymogram technique
(not shown). Densitometric measurements re-
vealed about 60 to 70% of the total extracellular
protein to be B-glucanase (Fig. 3). The excreting
cells released several other periplasmic proteins
into the growth medium too (Fig. 3).
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Fig. 2. Time course of B-glucanase production and ex-
cretion by E. coli CSHS55 pCEG 16 after a temperature
shift from 30 °C to 42 °C (temperature shift at 0 h).

—O— total B-glucanase activity; —A— cellular
B-glucanase activity; —@— extracellular B-glucanase
activity; — A— growth, measured as absorbance at
500 nm (Agy)-
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Fig. 3. Detection of B-glucanase in CSHS5 pCEG16
after SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Separation of cellular (lanes 2 to 5, 40 pg and 8
to 11, 30 pg) and extracellular (lane 6 and 12, 6 ng) pro-
tein fractions on SDS-PAGE (10—20%). Staining of
proteins was performed with Coomassie brilliant blue
G 250. The B-glucanase is marked with bgl.
Lanes: 1,7 molecular weight markers;

2,8 7 h, 30 °C (control);

3,9 7 h after the temperature shift;
4,10 11 h, 30 "C (control);

5,11 11 h after the temperature shift;
6,12 extracellular protein fraction,

11 h after the temperature shift.

Bacillus B-Glucanase Overproduction and Excretion in E. coli

In order to enhance the temperature-dependent
overexpression by plasmid amplification we trans-
formed the plasmid pCEG 16 into the isogenic
relA*/relA-strains of E. coli NF 161 and NF 162.
After arginine starvation the plasmid content
increased about 5-fold in the relA strain (Fig. 4C)
but in the stringently controlled counterpart
NF 161 the plasmid content did not significantly
change (Fig. 4 A). In spite of plasmid amplification
the B-glucanase activity remained unchanged at
30 “C in amino acid-starved E. coli relA cells.

When amino acids were added to this starved
cells, an approximate 5-fold increase in enzyme ac-
tivity per cell mass was observed. This increase in
enzyme activity correlated with the preceding plas-
mid amplification (Fig.4C). However, B-glu-
canase activity did not increase after the addition
of amino acids to starved cells of E. coli NF 161
(relA™) which did not amplify the plasmid (Fig.
4 A). Similar results were obtained using the plas-
mid pEG1 which encodes the B-glucanase from
Bacillus amyloliquefaciens under the control of its
original promoter [10].

When the readdition of amino acids to starving
cells was accompanied by a temperature shift to
42 °C for Py-induction a strong increase in
B-glucanase activity was observed in the relA*
strain (Fig. 4 B). In the relA strain which amplified
the plasmid there was no further increase above
the enzyme level measured at 30 °C (Fig. 4D). The
reason for this unexpected behaviour must await
further investigation. We could neither find an en-
richment of an inactive protein precursor on the
polyacrylamide gel nor inclusion bodies as a result
of protein precipitation (not shown, see [15]).

The enzyme activities measured in the strains
NF 161 and NF 162 were generally lower than the
activities determined in CSH 55. The enzyme ex-
cretion rates were also lower in the former strains
(Fig. 4 A—D). These result might be interpreted as
a first hint for a correlation between overexpres-
sion and enzyme excretion.

In summary we found that overproduction of
normally periplasmic proteins may trigger enzyme
excretion. This overexpression may disturb the in-
tegrity of the outer membrane resulting in the re-
lease of periplasmic enzymes without cell lysis. It is
tempting to speculate that the high protein con-
centration in the periplasmic space triggers the
leakiness of the outer membrane. Recently the ex-
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Fig. 4. Time course ot B-glucanase production and excretion and plasmid content in amino acid starved E. coli strains
NF 161 pCEG 16 (relA*, A and B) and NF 162 pCEG 16 (relA, C and D) grown at 30 "C. Ten h after the onset of the
stationary phase amino acids were readded and one half of the culture remained at 30 "C (A, C) whereas the other half
was shifted to 42 °C (B, D). — A— B-glucanase activity (cellular); —@— B-glucanase activity (extracellular); —x—
growth, measured as absorbance at 500 nm (A;)); —O— relative plasmid yield (plasmid content during expotential

growth corresponds to 1.).

cretion of periplasmic enzymes and proteins as a
result of overproduction have been reported
[18—22]. Gormely et al. [23], however, found that
the secretion of Bacillus subtilis C 120 B-glucanase
in E. coli was not affected by alterations in its rate
of synthesis.

Pages et al. [18] pointed out that the excretion of
PhoS, a periplasmic phosphate-binding protein
from E. coli, is not caused by a non-specific leak-
age from the periplasm. Suominen ez al. [19] sug-
gested that periplasmic protein release is a stress
response probably related to activation of autoly-
tic activities. Such autolytic activities could be acti-
vated by overproduction of periplasmic proteins.
Georgiou et al. [21] showed that the permeability
of the outer membrane of the excreting cells has
been affected, probably by decreasing levels of two
outer membrane proteins, OmpA and OmpC [22].

The elucidation of the excretion mechanism, how-
ever, must await further investigation.

Furthermore it is noteworthy that cells of E. coli
relA which amplified the plasmid pCEG 16 in re-
sponse to amino acid starvation did not show any
further increase of B-glucanase activity when the
readdition of amino acids was accompanied by a
temperature dependent bgl-induction. These re-
sults can be explained by a limitation of export
sites.

There are indeed hints that export sites might be
limited in E. coli. A hybrid maltose-binding pro-
tein (B-galactosidase) cannot be exported because
of jamming of the export machinery [24]. Pages et
al. [18] found that the overproduction of PhoS led
to an accumulation of pre-PhoS both in the cyto-
plasm and in the inner membrane [25, 26]. How-
ever we could not detect any B-glucanase precur-
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sors with SDS-polyacrylamide gel electrophoresis.
The unexpectedly low production of mature
B-glucanase after temperature induction in E. coli
cells upon amplification of the plasmid pCEG 16
remains an interesting problem that needs further
investigation.
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