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ABSTRACT
The recombinant product is secreted to the periplasm in many processes where E. coli is used as host. One
drawback with secretion is the undesired leakage of the periplasmic products to the medium.
The aim of this work was to find strategies to influence the periplasmic retention of recombinant products.
We have focused on the role of the specific growth rate, a parameter that is usually controlled in industrial
bioprocesses. The hypothesis was that the stability of the outer membrane in E. coli is gained from a certain
combination of specific phospholipids and fatty acids on one side and the amount and specificity of the
outer membrane proteins on the other side, and that the specific growth rate influences this structure and
therefore can be used to control the periplasmic retention.
We found that is possible to control the periplasmic retention by the growth rate. The leakage of the
product increased as the growth rate increased. It was however also found that a higher growth rate resulted
in increased productivity. This resulted in equal amounts of product inside the cells regardless of growth
rate.
We also showed that the growth rate influenced the outer membrane composition with respect to OmpF and
LamB while OmpA was largely unaffected. The total amount of outer membrane proteins decreased as the
growth rate increased. There were further reductions in outer membrane protein accumulation when the
recombinant product was secreted to the periplasm. The lowered amount of outer membrane proteins may
have contributed to the reduced ability for the cell to retain the product in the periplasm.
The traditional way to control the growth rate is through a feed of substrate in a fed-batch process. In this
work we used strains with a set of mutations in the phosphotransferase system (PTS) with a reduced uptake
rate of glucose to investigate if these strains could be used for growth rate control in batch cultivations
without the use of fed-batch control equipment. The hypothesis was that the lowering of the growth rate on
cell level would result in the establishment of fed-batch similar conditions.
This study showed that it is possible to control the growth rate in batch cultivations by using mutant strains
with a decreased level of substrate uptake rate. The mutants also produced equivalent amounts of acetic
acid as the wild type did in fed-batch cultivation with the same growth rate. The oxygen consumption rates
were also comparable. A higher cell density was reached with one of the mutants than with the wild type in
batch cultivations. It is possible to control the growth rate by the use of the mutants in small-scale batch
cultivations without fed-batch control equipment.

Keywords: Escherichia coli, fed-batch, outer membrane proteins, recombinant proteins, specific growth
rate, periplasmic retention, phosphotransferase system, high cell density cultivation, acetate formation.
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1 Introduction
Escherichia coli (E. coli) is a widely used organism for biological production. It has a
short generation time, is relatively easy to use, grows on cheap and defined medium and
has a high capacity for accumulation of recombinant proteins. Examples of recombinant
proteins that are produced using E. coli include insulin and growth hormones (Schmidt
2004).
The recombinant product is secreted to the periplasm in many E. coli processes. Secretion
allows the formation of disulphide bonds, which are not formed in the reducing
environment of the cytoplasm. There are fewer proteases in the periplasm compared to
the cytoplasm, which decreases the risk for degradation of a secreted product (Baneyx
1999). One drawback with secretion is the undesired leakage of the periplasmic products
to the medium. Leakage is a selective passage of proteins through the outer membrane,
whilst maintaining a functional cell. This is distinguished from cell lysis, which
originates from cell death and disruption but which also results in periplasmic protein
release.
Leakage of the product will result in economical loss in industrial processes since the
product in the medium normally is not collected and used in further downstream
processing. The reason for not collecting the product in the medium is that the
concentration is so low compared to in the cells.
The aim of this work was to find strategies to influence the periplasmic retention of
recombinant products. We have focused on the role of the specific growth rate. The
reason for selecting this parameter is that is controlled in industrial bioprocesses and that
is has a large impact on the production of recombinant proteins. It influences for example
the productivity (Ryan et al. 1996; Sandén et al. 2002), the quality and the solubility of
the product (Sandén et al. 2005), but also the composition of phospholipids in the cell
membranes (Shokri et al. 2002).
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The traditional way to control the growth rate is through a feed of substrate in a fedbatch process. Fed-batch processes are in comparison to batch processes more
complicated to perform and special control equipment is needed. Batch cultivations in
shake flasks, or in microtiter plates, are therefore more common when producing
recombinant proteins in smaller amounts for use in research, but also for screening in
process development. There is a need for a method that controls the growth rate, a
parameter that has such a large impact on recombinant protein production, in small-scale
batch cultivations as well.
In this work we have used strain engineering to reduce the uptake rate of glucose. We
investigated if the engineered strains could be used for growth rate control in batch
cultivations without the use of fed-batch control equipment.

1.1 Escherichia coli membrane structure
1.1.1 Structure overview
The cell envelope of gram-negative bacteria, to which Escherichia coli belongs, is a twomembrane structure of cytoplasmic and outer membrane (Fig 1). The space between the
membranes is the periplasm where a thin cell wall consisting of peptidoglycan, a linear
polymer of alternating N-acetylglucosamine (NAG) and N-actetylmuramic acid (NAM),
is situated. Peptide chains connect the polymers to each other (Moat et al. 2002).
Escherichia

coli

membranes

contain

three

major

phospholipids:

phosphatidylethanolamine (PE), phosphatidyglycerol (PG) and cardiolipin (CL). PE,
which is the major phospholipid, constitutes roughly 75 % of the total phospholipid
content, PG 18% and CL 5 % (Cronan and O.Rock 1996). The phospholipid composition
of the cytoplasmic and outer membrane is similar, but with a slight enrichment of PE in
the outer membrane (Nikaido 1996). PE is zwitterionic and does not carry a net charge at
physiological pH, while PG and CL are anionic. The primary role of the phospholipids is
to define a bilayer structure which function as a permeability barrier of the cell. The
bilayer serves as matrix and support for many proteins that are involved in
2

transmembrane processes, including translocation of proteins across membranes
(Dowhan 1997). Especially the anionic phospholipids have shown to be involved in
secretion of proteins. Interactions between the positively charged part of the signal
peptide of the preprotein and the anionic phospholipids are important for proper
translocation through the cytoplasmic membrane (Nesmeyanova et al. 1997). In addition
phospholipids serve as precursors for some envelope components such as lipoprotein and
lipopolysaccharides (Badyakina et al. 2003).

Figure 1. Model of Escherichia coli cell envelope. The cell has a twomembrane structure composed of the cytoplasmic and the outer membrane.
The periplasm, the space between theses membranes, contains the cell wall
made of peptidoglycans.

Common fatty acids in the phospholipids are the saturated palmitic and myristic acids,
and the monounsaturated fatty acids palmitoleic and cis-vaccenic acid. Palmitic acid
Constitutes about half of the total fatty acid content of the cell (Cronan and Vagelos
1972). The phospholipids also contain cyclic fatty acids that are formed by methylation
of unsaturated fatty acids. E. coli adjusts the fatty acid composition of its phospholipids
in response to growth temperature in order to preserve a more or less constant degree of
3

membrane fluidity. The proportion of unsaturated fatty acids increases as the temperature
decreases and vice versa for the saturated ones. This change results in more or less
unchanged fluidity of the membranes since the melting point of lipids decreases as the
proportion of unsaturated fatty acids increases (Neidhardt et al. 1990).
Proteins are also important components of the cell membranes. Some of the proteins that
are involved in different transport processes through the inner membrane will be
described in section 1.2 and the proteins in the outer membranes will be described in
section 1.3.

1.2 Cytoplasmic membrane transport
The cytoplasmic membrane is a barrier between cytoplasm and periplasm and has many
functions including transport of nutrients and proteins and translocation of envelope
molecules. It is composed of approximately equal amounts of proteins and phospholipids.
The diversity of proteins is large, probably over 100 different proteins can be found (Sato
et al. 1977).

1.2.1 Sec-dependent translocation
Proteins destined for secretion, incorporation into membranes or excretion are
synthesized in the cytosol as preproteins with a hydrophobic signal sequence in the Nterminus. Most proteins are transported to the periplasm in an unfolded state by the Secdependent pathway (Fig 2). SecB, a molecular chaperone, binds to the protein that
protrudes from the ribosome in this model. This model is however simplified and
transport of proteins by this pathway may occur in different manners. The complex of
SecB and the preprotein is targeted to SecA, which is bound to the translocase SecYEG
that is incorporated in the membrane. The preprotein is released from SecB when the
signal sequence binds to SecA.

Proteins that are transported by the Sec-dependent

pathway may be targeted to the membrane both post-translational and co-translational
however with some slightly differing mechanisms.
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Following translocation, the signal sequence is cleaved off by a signal peptidase if the
protein is destined for the periplasm, the outer membrane or the external environment.
Proteins that are to be integrated into the membrane have hydrophobic stop transfer
sequences that prevent release to the periplasm and that allow stable integration of the
protein into the membrane (Driessen et al. 2001; Moat et al. 2002).

Figure 2. Model for SecB-mediated protein targeting. SecB binds to the preprotein that
protrudes from the ribosome. The complex of SecB and the preprotein is targeted to SecA
that is associated to the translocse SecYEG. SecB is released from the complex when the
signal sequence binds to SecA, a process that may be coupled to the binding of ATP to
SecA. Following translocation the signal peptide is cleaved off by a signal peptidase.

1.2.2 Twin Arginine Translocation (TAT)
The TAT protein export system is found in the cytoplasmic membrane of most
prokaryotes. The proteins, which are transported by the system, are in a folded state
(Moat et al. 2002). It was earlier thought that the function of the system was to transport
proteins with bound cofactors from the cytoplasm to the periplasm. However, it has
recently been shown that only one third of the 36 known or predicted proteins that are
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transported by the TAT-pathway in E. coli belong to this group. Many of the “noncofactor” binding proteins in E. coli and other organisms are hydrolytic enzymes, the
reason why they are transported by this pathway is not known. There are also examples
of proteins that can be transported by both the TAT-pathway and the Sec-pathway (Berks
et al. 2005).
The twin arginine translocase is composed of the integral membrane proteins TatA, B, C
and E. A special twin arginine motif in the signal peptide (RRXFXK) is present in the
proteins that are to be transported with this system. The system is driven by the proton
motive force (Moat et al. 2002). The function of the Tat membrane proteins and how they
contribute to formation of the pore through which preproteins are transported is not
known. It remains unclear how the TAT system is capable of transporting folded proteins
through the cytoplasmic membrane without simultaneous diffusion of ions (Berks et al.
2005).

1.2.3 Cytoplasmic production of recombinant proteins
Overproduction of heterologous proteins in the cytoplasm of E. coli is often associated
with misfolding and formation of insoluble aggregates, inclusion bodies. Inclusion body
formation may simplify the downstream processing since the aggregates formed are
highly enriched in the protein of interest. However, when using this strategy, in vitro
refolding is needed to achieve a correctly folded product. The problem with in vitro
refolding is the aggregation side reactions that compete with the proper folding of the
protein (Thomas et al. 1997). Strong promoters that increase the rate of transcription
favour inclusion body formation since the expressed gene products cannot be suitably
processed by folding modulators to generate a correct protein structure (Baneyx and
Mujacic 2004). The use of strong promoters may also result in growth inhibition and cell
lysis (Xu et al. 2006). Commonly used approaches for the achievement of soluble
products are to lower the cultivation temperature, to co-express molecular chaperones or
to use fusion tags (Makrides 1996). Other factors that can be varied to influence
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solubility are the level of the inducer (Sandén et al. 2005), the plasmid copy number
(Jones et al. 2000) and the specific growth rate (see section 1.4.3).

1.2.4 Secretion of recombinant products to the periplasm
Secretion of the product to the periplasm can be advantageous, and in some cases even
necessary for the generation of an active product. Secretion is needed if disulphide
bridges are to be formed. Disulphide binding proteins such as DsbA, DsbC and DsbD
constitute one group of chaperones in the periplasm. Another group is the peptidyl-prolyl
isomerases that rotate prolines within a peptide bond to achieve a proper bend. Examples
of these are SurA, RotA, FklB and FkpA (Moat et al. 2002). Chaperones both fold
proteins and have a role in their incorporation in the outer membrane. Especially SurA
and Skp have shown to be important for the latter purpose (De Cock et al. 1999; Lazar
and Kolter 1996). Inactivation of the skp gene has shown to result in decreased amounts
of outer membrane proteins and in increased activity of the sigma E regulon, which is
induced by misfolded proteins in the periplasm (Chen and Henning 1996; Missiakas et al.
1996). Another factor that influences the quality of the product is the degradation by
proteases. Proteases degrade incorrectly folded proteins, folding intermediates and have a
role in the regulation of pathways. Stress factors like high temperature or low pH can
induce proteolytic activity (Moat et al. 2002). Only energy-independent proteases are
functional in the periplasm since there is no periplasmic ATP pool (Baneyx 1999;
Talmadge and Gilbert 1982). Secretion of the product also minimizes contamination from
cytoplasmic host proteins, if a method to remove the outer membrane can be used to
release the product from the cells making the downstream processing less complicated
(Baneyx 1999).
Boström et al (Boström et al. 2005) studied the effect of feed rate on recombinant protein
secretion and degradation. Secretion of their model protein to the periplasm reduced
degradation and resulted in avoidance of stringent response. It was also found that
accumulation of acetic acid was 10 times lower at a high specific growth rate when the
product was secreted to the periplasm.
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1.3 The outer membrane
1.3.1 Murein lipoprotein
Murein lipoprotein is present in a large amount, approximately in 7x105 copies per cell,
and is anchored to the outer membrane of E. coli. The cysteine residue in the N-terminus
of the protein is substituted at two places, the amino group by a fatty acyl residue and the
sulfhydryl group by a diglyceride. The fatty acid groups enable the protein to penetrate
the inner leaflet of the outer membrane. The peptidoglycan layer is covalently bound to
the outer membrane by one amino group of the C-terminal lysine in the murein
lipoprotein (Nikaido 1996).

1.3.2 Porins
Porins are trimeric proteins that form transmembrane β-barrel pores in the outer
membrane that allow passage of small hydrophilic molecules. OmpF, OmpC and PhoE
are examples of porins. PhoE is however only produced during phosphate starvation. The
amount of porins is approximately constant, but their relative amounts are regulated by
environmental signals. The porins can represent as much as 2 % of the total protein
content in E. coli, making porins to some of the most abundant proteins in terms of mass
(Nikaido 1996).

1.3.3 OmpA
OmpA is a monomeric protein and the number of molecules per cell is approximately
105. The N-terminus of the protein folds into a transmembrane β-barrel with eight
antiparallel β-strands (Nikaido 1996). Mutants lacking OmpA are poor recipients in
conjugation (Schweizer and Henning 1977). OmpA also act as a phage receptor (Datta et
al. 1977). OmpA has an important role in stabilizing the cell envelope since it spans the
outer membrane and is cross-linked to the peptidoglycan layer (Moat et al. 2002).
The diameter of the OmpA pore is estimated to be around 1nm, which is similar to that of
the OmpF porin (Sugawara and Nikaido 1992). The penetration rate of small solutes
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through OmpA pores is however 50 –100 times lower than through the same number of
OmpF pores. Experiments by Sugawara and Nikaido (Sugawara and Nikaido 1994)
indicated that only a small fraction (2-3%) of the OmpA molecules contained an open
channel. Another hypothesis explaining slow penetration through the OmpA protein is
high friction between solute and channel (Sugawara and Nikaido 1994).

1.3.4 LamB
The LamB protein forms a porinlike trimeric channel and allows passage of maltose and
maltodextrins across the outer membrane (Nikaido 1996). LamB also contributes to the
ability of the bacteria to take up other sugars from the surroundings during glucose
limiting conditions. LamB mutants are less growth competitive during glucose limiting
conditions, showing that LamB has a broader role in carbohydrate transport than just
limited to the transport of maltose and maltodextrin (Death et al. 1993).

1.3.5 Lipopolysaccharides
The outer leaflet of the outer membrane of gram-negative organisms contains
lipopolysaccharides (LPS). LPS has three components or regions, the O-antigen, the core
oligosaccharide and lipid A. The O-antigen, the outer most part, consists of varied
repeated carbohydrate units. Changes in O-antigen composition results in changes in
immunological specificity. It should be noted that E. coli K-12 strains do not contain the
O-antigen. The core is an oligosaccharide that commonly includes heptose and ketodeoxy-octanoic acid (KDO). Lipid A consists of two glucosamine units with attached
acyl chains and normally contains one phosphate group on each carbohydrate. The region
is hydrophobic and embedded in the outer membrane (Neidhardt et al. 1990). An average
of three LPS subunits are linked together by bridges between the lipid A molecules. LPS
is tightly associated with the proteins, especially OmpA, in the outer membrane. The
three different parts of LPS are synthesized independently of each other and are ligated
in, or on, the inner membrane before transport to the outer membrane (Moat et al. 2002).
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1.4 Leakage of recombinant periplasmic products to the medium
1.4.1 Leaky mutants
Some E. coli mutants leak periplasmic proteins to the medium in a large extent. These
mutants generally lack structural elements of the membranes or the cell wall, for example
LPS (Tamaki et al. 1971) and murein lipoprotein (Lpp) (Nikaido et al. 1977). Lazzaroni
et al (Lazzaroni and Portalier 1981) showed that mutants with a changed composition of
outer membrane proteins, in this case a lower amount of OmpF, released more
periplasmic protein to the medium. Mutants lacking the periplasmic chaperone SurA have
outer membrane defects and these mutants are also more easily lysed in stationary phase
(Lazar and Kolter 1996).
RelA mutants having a reduced formation of guanosine tetraphosphate (ppGpp) during
the stringent response have shown to release more proteins into the medium during amino
acid starvation. RelA positive strains increase the proportion of saturated fatty acids and
decrease the proportion of the unsaturated ones as a result of ppGpp formation. No
significant alterations in the fatty acid content can however be observed in RelA mutants
during such conditions (Gitter et al. 1995).

1.4.2 Signal peptides
Signal peptides seem to play a role in the export of periplasmic proteins to the medium.
Enhanced medium transport was shown for insulin-like growth factor I that was secreted
by the use of the signal peptide from OmpA. This signal peptide has an extension in the
N-terminus when compared to other signal peptides (Abrahmsén et al. 1986). A study by
Bankaitis and Bassford showed that proteins that have defective signal peptides and are
export-defective may interfere with the normal export of envelope proteins (Bankaitis
and Bassford 1984).
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1.4.3 Outer membrane lipid composition
Shokri et al (Shokri et al. 2002) showed that the specific growth rate affected the
composition of the phospholipids in the membranes during continuous cultivation. The
total amount of phospholipids in the membrane was however constant at all growth rates
investigated in this study (0.05-0.6 h-1). A reduction in the amount of PE was seen at low
growth rates, but this phospholipid was however dominating at all growth rates in this
study. PG reached a maximum at a specific growth rate of 0.3 h-1. Also the individual
fatty acids were influenced by the growth rate in this study. There was an increase in the
amount of cyclic fatty acids at lower growth rates and the minimum was reached at a
growth rate of 0.3 h-1. This growth rate is also associated with the lowest amount of
saturated fatty acids and the highest amount of unsaturated fatty acids. The maximum
leakage of the periplasmic product, in this study β-lactamase, coincided with this growth
rate. The structure of the phospholipids was influenced by the growth rate and there was a
connection between their composition and leakage of the product to the medium.
A classic approach to define in vivo function is to use genetics for creating mutant strains.
This approach becomes more indirect when studying phospholipids since the mutations
have to be made in genes coding for enzymes that are involved in the biosynthetic
pathway for phospholipids. The level of a particular phospholipid influences many other
cell processes, which also make this type of studies more complicated to interpret
(Dowhan 1997). A study with this approach from Badyakina (Badyakina et al. 2003)
showed that the phospholipid content influenced the leakage to the medium of the
periplasmic protein alkaline phosphatase (PhoA). Two different strains were used in this
study. One of the strains completely lacked PE due to a deletion in a gene that codes for
an enzyme that is involved in the synthesis of PE precursors. The other strain lacked a
gene responsible for the synthesis of PG. It was shown that the leakage of PhoA to the
culture medium was higher in the PE deficient strain than in cells expressing the wild
type level of PE. The PE deficient strain released as much as 35% of the product to the
medium, which can be compared to 10% for cells expressing the wild type level of this
phospholipid. The leakage of PhoA to the medium in the PG deficient strains was as high
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as 85%. It should however be noted that this strain did not only lack PG but also
lipoprotein and that the growth rate of the strain was very low.
Georgiou and Shuler used a system where periplasmic β-lactamase was overexpressed to
a high level. These secreting cells were more sensitive to detergents and they also had a
higher non-specific release of periplasmic proteins to the medium. Analysis of the outer
membrane protein composition showed that the amount of OmpA and OmpC was lower
(40-60%) in secreting cells (Georgiou and Shuler 1988).

1.4.4 Unknown effects
Overexpressed periplasmic β-lactamase and PhoA are, without the use of a special
excretion strategy, to a large extent found in the medium (Nesmeyanova et al. 1991;
Shokri et al. 2002). Nesmeyanova et al investigated the amount of PhoA that was found
in the medium when overexpressing the enzyme in different K-12 strains. The amount
varied from 6 to 90% between the different strains. Electrophoretic analysis of the
proteins found in the medium showed the presence of several proteins in minor amounts,
and two dominating proteins, one of these was PhoA and the other was an unidentified
protein of 55kDa. Membrane and cytoplasmic proteins were however not present in the
medium. The mechanism for this selective excretion is not known, but it was suggested
that outer membrane vesicles containing PhoA were formed, and that they released the
protein into the medium (Nesmeyanova et al. 1991).

1.5 Control of specific growth rate
1.5.1 Glucose uptake
Diffusion of carbohydrates through the outer membrane occurs mainly through the outer
membrane channel forming proteins OmpC, OmpF and LamB. The phosphotransferase
system (PTS) transports carbohydrates such as glucose, fructose and mannose from the
periplasm to the cytoplasm. The PTS system is composed of both soluble proteins and of
proteins that are integrated in the cytoplasmic membrane (Fig 3). Enzyme I (EI) and
12

phosphohistidine carrier protein (Hpr) are general PTS proteins, while the enzymes IIs
(EIIs) are sugar specific. EIIGlc is specific for glucose and EIIMan for mannose. At least one
of the EII-domains is bound to the membrane. The glucose EII consists of the parts IIAGlc
and IICBGlc where the latter is membrane bound, while the mannose EII consists of the
IIABMan and the membrane bound parts IICMan and IIDMan (Fig 3).
A series of reactions are involved when the sugar molecule enters the cytoplasm. A
phosphate group is transferred from phosphoenol pyruvate (PEP) to EI and further to
HPr. The phosphate group is then transferred to the EIIA domains and further to the
EIIB/EIICB domains. These domains perform phosphorylation of the incoming sugar
molecule.
Glucose is transported over the cytoplasmic membrane mainly through the glucose and
mannose specific PTS. However, glucose may also be transported into the cytoplasm by
two other proteins that are normally involved in the transport of galactose. These proteins
can be induced and used for glucose transport during glucose limiting conditions. One of
these proteins, GalP, is a low affinity galactose-H+ symporter. The other protein, or
actually protein system, the Mgl-system, is composed of three different proteins that are
placed in both the cytoplasm and integrated in the membrane. The Mgl-proteins together
with LamB are induced when the glucose concentration is very low. Glucose that is
transported into the cytoplasm by the Mgl-system or GalP is phosphorylated by
glucokinase, encoded by the gene glk (Gosset 2005).
Transport of glucose by the PTS is the alternative that consumes less energy. One mole of
PEP is consumed for each mole of glucose that is internalized and phosphorylated. The
Mgl-system is the energetically most expensive system since two moles of ATP is
consumed for each mole of glucose that is internalized and phosphorylated. This is to be
compared to one mole of ATP and one mole of H+, which are needed when GalP is
responsible for internalization and phosphorylation (Gosset 2005).
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The glucose- and mannose-PTS are under control of the repressor protein Mlc. Mlc
(making large colonies) was originally identified by Hosono and co-workers as a gene
affecting glucose metabolism. Cells that are growing on LB medium containing glucose
usually stops growing before glucose is depleted due to the low pH that is caused by the
accumulation of acetic acid. Overexpression of the Mlc protein in E. coli lowered the
acetic acid accumulation by 50 % in this study (Hosono et al. 1995).
The phoshorylated form of enzymes IICBGlc dominates in the absence of glucose. In this
situation Mlc binds upstream of the ptsG promoter and works as a repressor (ptsG codes
for enzyme IICBGlc). Addition of glucose to the medium results in a dephosphorylation of
enzyme IICBGlc. Mlc binds to the dephoshorylated enzyme IICBGlc and is thereby
sequestered away from the operator to the membrane. The release of Mlc from the operon
makes transcription of ptsG possible. Mlc is, as described above, thus capable of binding
both DNA and proteins (Plumbridge 2002).

Figure 3. A model for PTS mediated uptake of carbohydrates. The scheme shows the
general enzymes of the PTS: Enzyme I (EI), Phosphohistidine carrier protein (Hpr)
and two Enzymes II (EII). P indicates phosphorylation of the various enzymes and the
sugar molecules.
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The PTS system also has an important role in carbon catabolite repression (CCR), the
ability of E. coli to select from a mixture of substrates the one that gives the highest
growth rate. The intracellular levels of cAMP are low when the glucose concentration in
the medium is high. A lower concentration of glucose in the medium results in
accumulation of the phoshorylated form of enzyme IIAGlc and IICBGlc. The
phosphorylated form of enzyme IIAGlc activates adenylate cyclase (AC), the enzyme that
converts ATP to cAMP, resulting in increased levels of cAMP. The cAMP binds the
product of the crp locus, termed the cAMP receptor protein (CRP). The cAMP-CRP
complex causes the induction of catabolite-repressed genes allowing uptake of other
sugars (Lengeler et al. 1999; Moat et al. 2002).

1.5.2 Cultivation techniques
Batch
All substrate components are available in sufficient amounts to enable unrestricted
growth of the cells with respect to substrate concentration in a batch process. Oxygen and
base/acid for pH titration are added to the process when it is performed in a bioreactor.
The biomass increases exponentially until some limiting factor reaches a critical
concentration. The oxygen consumption level depends on the growth rate of the cells and
the total cell mass. The oxygen supply may become a limiting factor and high cell masses
are therefore not achieved. Also the heat generation from the biological processes, which
are dependent on the oxygen consumption rate as well as the heat generated from stirring
of the bioreactor, are common factors that limit the usefulness of batch cultivations.
Another drawback with batch cultivations is the formation of by-products, in E. coli
acetate, that at high concentrations have inhibitory effects on growth and recombinant
protein production (Jensen and Carlsen 1990).
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Fed-batch
Fed-batch processes are commonly used for industrial production of recombinant
proteins. One substrate component is added in such a way that its concentration is growth
rate limiting and thus the growth rate can be controlled via the feed. The feed is usually a
concentrated solution of sugar. The condition for growth rate limitation in a fed-batch
process is:
(F/V)*Si < qs,max X(t)
Where F (l h-1) is the feed rate, V (l) the cultivation volume, Si (g l-1) the concentration of
the substrate in the feed solution, qs,max (g g-1 h-1) the maximal specific consumption rate
of the limiting substrate and X (g l-1) the cell mass at that time point. The feed rate can be
designed in different ways. A constant feed results in a continuously decreasing growth
rate since the amount of glucose per cell decreases as a function of time. An exponential
feed results in a constant growth rate of the cells since each cell receives the same amount
of glucose during the whole cultivation. The fed-batch cultivations can start as batch
cultivations and the feed of substrate is started when the initial substrate is depleted.
The fed-batch technique makes is possible to obtain high cell densities and thus reach a
higher total productivity. The accumulation of acetic acid can be reduced in fed-batch
cultivations.

1.5.3 Effects of the specific growth rate on recombinant protein production
The specific growth rate has impact on several important factors in recombinant protein
production. Sandén et al (Sandén et al. 2002) showed that a higher growth rate resulted in
a higher production of the recombinant cytoplasmic enzyme β-galactosidase. The specific
protein production rate was approximately 100 % higher at a specific growth rate of 0.5
h-1 compared to a specific growth rate of 0.1 h-1. A transcription analysis showed that the
amount of mRNA was the same at both growth rates and was therefore not the limiting
factor. The number of ribosomes decreased with the specific growth rate indicating that
translation was the limiting factor. Ryan et al (Ryan et al. 1996) also showed that cells
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that were growing at a high specific growth rate at the time of induction were more
efficient in synthesizing the recombinant protein. The synthesis rate also remained higher
for fast growing cells.
Post-translational modification of proteins is a common phenomenon in eukaryotic cells.
However, post-translational modifications of E. coli proteins have also been observed. In
a paper from Ryan and co-workers (Ryan et al. 1996) an unnamed protein, a polypeptide
containing multiple lysine residues, was used as model protein. The lysines were
susceptible to acetylation, however the mechanism for this post-translational modification
was unclear. It was shown that the amount of unmodified product was a function of the
growth rate. As much as 45% of the product was unmodified at a specific growth rate of
0.15 h-1 while only 27% remained unmodified at a specific growth rate of 0.55 h-1.
MalE and MalE31 are two isoforms of the maltose binding protein, differing in only two
consecutive amino acids. MalE31 is regarded as more difficult to express, due to
inclusion body formation, and also to be less stable than the wild type protein (Betton and
Hofnung 1996). Sandén et al (Sandén et al. 2005) studied the expression of these proteins
as a function of the growth rate. It was seen that both proteolysis and inclusion body
formation could be influenced by this parameter. A specific growth rate of 0.5 h-1 resulted
in less soluble product than a specific growth rate of 0.2 h-1. The hypothesis in this work
was that the amount of foldases is limited and that the newly synthesized recombinant
proteins were arrested in an unfolded state if the rate of synthesis was too high. This
resulted, according to this hypothesis, in aggregation and inclusion body formation and
enhanced degradation by proteases.
The specific growth rate has a described above a large impact on different parameters in
recombinant protein production and it is controlled in industrial fed-batch processes. It
has an impact of product-associated parameters such as productivity, solubility and
quality. It also defines the cells capability of protein synthesis since it controls the
number of ribosomes. The specific growth rate also influences the structures of the
membranes. We have therefore chosen to focus on this central parameter in this work.
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2 Present investigation
The aim of this study was to find strategies to influence the periplasmic retention. The
strategy was to vary the growth rate, a parameter that is usually controlled in industrial
processes, and to study its effect on leakage of periplasmic products to the medium.
The hypothesis was that the stability of the outer membrane in E. coli is gained from a
certain combination of specific phospholipids and fatty acids on one side and the amount
and specificity of the outer membrane proteins on the other side, and that the specific
growth rate influences this structure and therefore can be used to control the periplasmic
retention.
It has earlier been shown that growth rate influences the composition of the
phospholipids and fatty acids in the membranes (Shokri et al. 2002). The focus in this
study was on how the amount and specificity of the outer membrane proteins was
affected by the growth rate and if their presence could be connected to periplasmic
retention of recombinant proteins.
Fed-batch cultivations are traditionally used to control the growth rate. The fed-batch
technique is however not possible to use in small scale cultivations and special control
equipment as well as technically trained personnel is also needed.
One part of this work was therefore to advice a method to control the growth rate without
the use of the traditional fed-batch equipment. This would enable fed-batch similar
conditions in shake flask and microtiter plate cultivations, which are common cultivation
formats when smaller amounts of proteins are needed for use in research. There is also a
need for parallel small-scale tools that mimics the fed-batch conditions in process
development.
Our strategy was to use strains with mutations in the phosphotransferase system (PTS),
which had a reduced uptake rate of glucose. The hypothesis was that these strains would
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have lower growth rates and that this would result in the establishment of fed-batch
similar conditions without fed-batch control equipment. This would allow positive effects
on acetic acid accumulation and oxygen consumption, which in turn would lead to higher
cell densities and higher total yield.

2.1 Control of periplasmic product retention by the specific growth rate (I)
The aim of this work was to find strategies to influence the periplasmic retention. We
varied the growth rate and studied its effect on leakage of periplasmic products to the
medium. We also focused on how the amount and specificity of the outer membrane
proteins was affected by the growth rate and if their presence could be connected to
periplasmic retention of recombinant proteins. We performed cultivations both with and
without production of a secreted recombinant product in order to separate the effects on
outer membrane protein composition that stems from the growth rate and from the
production.

2.1.1 Model system
Cutinase, a lipolytic enzyme, from Fusarium solani pisi was used as one of the model
proteins (Mannesse et al. 1995). Two Z domains, i.e. engineered forms of the B domain
of staphylococcal protein A, which is present in the cell wall of Staphylococcus aureus,
were fused to the N-terminus of the cutinase (Bandmann et al. 2000). The expression of
the product was controlled by the constitutive staphylococcal protein A promoter. The
signal peptide from the same protein was used to direct the recombinant product to the
periplasm.
An antibody fragment (Fab) was used as a second model protein. It was directed to the
periplasm by the OmpA signal sequence. The production of the Fab-fragment was under
control of the tac promoter and production was induced by addition of isopropyl-β-Dthiogalactopyranoside (IPTG).
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2.1.2 Results
The activity of ZZ-cutinase was measured during batch and fed-batch cultivations
(µ=0.1-0.3 h-1), both in total and in the medium. The total activity of the enzyme
increased in an exponential way following the cell growth, a pattern that was expected
since a constitutive promoter was used.
A higher specific growth rate resulted in a higher specific productivity, which was in
accordance with earlier findings (Sandén et al. 2002). Leakage was in this study defined
as the quotient between product activity in the medium and product activity in total. This
function is plotted as a function of dry weight (Fig 4). There was a relation between
leakage of the periplasmic product to the medium and the specific growth rate. A higher
specific growth rate resulted in a higher leakage of periplasmic proteins to the medium.
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Figure 4. Leakage of ZZ-cutinase to the
medium in percent of the total production.
The specific growth rates (h-1) are indicated
in the figure.

-1

µ=0.1 h (exp. fedbatch)

0
0

5

10

15

20

-1

DW (g l )

Product in the medium may be a result of cell lysis (death of cells by bursting) or
selective leakage of the product through the outer membrane. Protein in the medium
corresponding to the normal composition of proteins in E. coli (here referred to as total
protein) is usually considered as an indication of lysis. Product activity and total protein
in the medium was measured to exclude that the product found in the medium was a
result of lysis. Not more than 4% of the total protein was found in the medium in the
batch cultivation with recombinant product formation and not more than 3% in all other
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cultivations (data not shown). The leakage of the product to the medium was as high as
20% in the batch cultivation, and 9 and 6% respectively in the fed-batch cultivations.
These data showed that the main part of the ZZ-cutinase activity found in the medium
was a result of leakage and not of lysis.
That leakage of the product to the medium is connected to the growth rate was also
shown in the cultivations where an antibody fragment (Fab) was produced. The
distribution of Fab between the periplasm and the medium was coupled to the post
induction feed rate of substrate. There was an increased leakage of Fab to the medium
and a higher specific product yield at a higher feed rate.
Identification of outer membrane proteins
It is known that the amount and specificity of outer membrane proteins vary during
different conditions (Death et al. 1993; Georgiou and Shuler 1988; Nikaido 1996). We
wanted to investigate if the amount and specificity of the outer membrane proteins could
be connected to the growth rate, and also if secretion of a recombinant product influenced
the amount of these proteins. The first step was to identify which proteins that were
present in the outer membranes of the cells during the cultivations. We isolated the outer
membrane proteins from cultivations with different growth rates (both with and without
production of ZZ-cutinase). The proteins in the outer membrane fraction were separated
by SDS-PAGE (Fig 5). N-terminal sequencing was performed on the six strongest bands.
The identities of these bands are shown in figure 5. Two bands with different sizes were
found that contained OmpA. Since the N-termini were identical this was supposed to
arrive from incomplete denaturation of the protein during sample preparation, a
phenomenon described by Nikaido (Nikaido 1996). ZZ-cutinase was also found in the
outer membrane fraction probably due to hydrophobic interaction since Staphylococcus
protein A is a naturally surface anchored protein. The gene aphA1 is present on the same
plasmid as ZZ-cutinase and codes for aminoglycoside-3´phosphotransferase, which
makes the cell resistant to kanamycin.
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Figure 5. Outer membrane proteins isolated from cultivations with production of ZZ-cutinase.
Left lane: sample from a cultivation with a specific growth rate of 0.2 h-1. Right lane: sample from
a cultivation with a specific growth rate of 0.3 h-1. The samples are shown to visualise the
occurrence of all the protein bands that were N-terminal sequenced. The protein identities of the
bands are listed in the table to the right.

Effects of specific growth rate and recombinant protein production on outer membrane
composition
We had now identified the outer membrane proteins and the next step was to quantify
them. SDS-PAGE was used to separate the isolated outer membrane proteins and the gels
were stained with Coomassie brilliant blue solution to visualize the protein bands. We
used Quantity One 1-D Analysis Software to determine the amounts of protein in each
band. A known amount of maltose binding protein (MBP) was loaded to the gels to be
used as a reference. The amount of the outer membrane proteins OmpF, LamB and
OmpA respectively are shown in Fig 6A-D.
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Figure 6. Outer membrane proteins isolated from
cultivations with different growth rates (exponential
feed profiles) without production (black bars) and
during ZZ-cutinase production (white bars). Lam B
was not detected in all cultivations, this indicated by
“not det” in the figure.
A. OmpF (mg l-1)
B. LamB (mg l-1 )
C. OmpA (mg l-1)
D. Sum of OmpF, LamB and OmpA (mg l-1)

The amount of OmpF significantly decreased when the specific growth rate increased
(Fig 6A). This pattern was distinguished for both producing and non-producing cells. The
amount of OmpF was lower when a recombinant protein was produced.
The amount of LamB also decreased when the specific growth rate increased (Fig 6B).
No LamB was detected in the batch cultivations. These results were to some degree
expected since Death and co-workers (Death et al. 1993) showed that the LamB protein is
upregulated during glucose limitation. The amount of LamB was significantly lower if a
recombinant product was produced.
The OmpA protein seemed to be more or less constant regardless of the growth rate. The
protein was not induced to a larger extent but was present at a basal level at all growth
rates. There might be a slightly visible maximum at moderate specific growth rates in
non-producing cells, but it is difficult to see that this can be proved due to the error of the
analysis (Fig 6C). There was however a slight tendency that the amount of the protein
was lower in producing cells, than in non-producing cells, at comparable specific growth
rates.
Figure 6D summarises the combined titre of proteins investigated. The combined titre of
outer membrane protein decreased as the specific growth rate increased for both
producing and non-producing cells. The overall titre of outer membrane protein was
lower if a recombinant protein was produced. The proportional reduction in outer
membrane proteins between producing and non-producing cells was as largest at a
growth rate of 0.3 h-1. Here, the reduction was 82%, 100% and 22% for OmpF, LamB
and OmpA respectively and the total reduction was almost 60%. There is thus a
connection between the amount and the specificity of outer membrane proteins and the
growth rate.
Secretion of a recombinant product results in an increased transport of proteins through
the inner membrane. Depletion of outer membrane proteins, due to jamming and
overloading of the sec-transport system, is one possible reason for periplasmic leakage
(Baneyx 1999). Our system with production of ZZ-cutinase had a productivity that was
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proportional to the specific growth rate allowing different levels of transport through the
inner membrane to be studied. We have seen that a higher growth rate, which is
connected to a higher transport through the inner membrane, resulted in a higher leakage.
This pattern was in accordance with the amount of isolated outer membrane proteins.
Inhibited transport of outer membrane proteins due to the overloading of the Sec system
is therefore a possible explanation to our results.

2.1.3 Conclusion
There is a strong connection between periplasmic leakage and the growth rate. A higher
growth rate results in a higher leakage of the product to the medium in both our model
systems. The total amount of outer membrane proteins decreases as the growth rate
increases. This shows that there is a connection between growth rate and outer membrane
protein composition. The amount of the outer membrane proteins is even lower when a
recombinant protein is secreted to the periplasm. The decreased amount of outer
membrane proteins is therefore a possible explanation to the increased leakage at a higher
growth rate. Figure 7 shows the retention of ZZ-cutinase, i.e. the amount of product that
can be harvested from the cell paste, as a function of cell accumulation. The amount of
product that can be retained within the cell is always the same and not a function of the
growth rate. This means that a higher specific growth rate, which results in higher
synthesis rate, will not result in higher amounts of product in the periplasm of each cell,
since there is a correlated higher leakage.
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Figure 7. Periplasmic retention of ZZcutinase (cell pellet) as a function dry
weight (DW). The specific growth rates are
indicated in the figure as follows: a
specific growth rate of 0.3 h-1 (filled
circles), a specific growth rate of 0.2 h-1
(filled triangles) and a specific growth rate
of 0.1 h-1 (open squares), respectively.
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2.2 Control of specific growth rate without use of fed-batch technique (II)
The aim of this part of the work was to control the growth rate without the use of
traditional fed-batch equipment. This would enable growth rate control in small-scale
cultivations. The strategy was to use strains with mutations in the phosphotransferase
system (PTS), which had a reduced uptake rate of glucose. The hypothesis was that these
strains would have lower growth rates and that this would result in the establishment of
fed-batch similar conditions without the use of fed-batch control equipment. The
lowering of the growth rates would allow positive effects on acetic acid accumulation and
oxygen consumption, which in turn would lead to higher cell densities and higher total
yield.

2.2.1 Model systems
AF1000, that originates from the E. coli K12 strain MC4100 (Casadaban 1976; Sandén
et al. 2002) was used in this study and is referred to as wild type (WT) strain. This
strain lacks all constituents of the lactose operon and it grows on minimal salt medium
without any additional supplements. The three variants of this strain, with mutations in
genes coding for proteins belonging to the phosphotransferase system (PTS) (Picon et
al. 2005), that where used are presented in Table 1.

Table 1. Strains with mutations in PTS. The mutations in the different strains are shown as
well as the absent enzymes.

Name of the strain in
this work

Mutation in gene cluster

Absent enzyme

PTSMan

manX

Enzyme IIABMan

PTSGlc

ptsG

Enzyme IICBGlc

PTSGlcMan

manX and ptsG

Enzyme IIABMan
Enzyme IICBGlc
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The E. coli homologous enzyme β-galactosidase, which hydrolyses lactose into
monosaccharides, was used as a model protein. β-galactosidase is a stable protein and the
analysis for enzyme activity is easy to perform. The lacUV5 promoter, which is
theoretically not subjected to catabolite repression, controlled the expression of the
recombinant product from a low copy number plasmid. One constitutive and one
inducible system were used and induction was made by addition of IPTG.

2.2.2 Results
Cell growth
The mutant strains were all grown in batch cultivations with unlimited access to glucose,
in order to evaluate the effect of the mutations on the growth rate. The cell density
increased exponentially and the resulting growth rates were 0.78 h-1, 0.38 h-1 and 0.25 h-1
for PTSMan, PTSGlc and PTSGlcMan respectively (Fig 8). This is to be compared to the wild
type, which had a specific growth rate of 0.72 h-1. This growth rate can however not be
considered as deviating from the one obtained for PTSMan. That mutations in the PTS
system reduces the glucose uptake rate has earlier been confirmed (Picon et al. 2005).
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Figure 8. Biomass accumulation as a function of
cultivation time. Comparison of the wild type cell
(WT) and the mutants grown in batch cultivation.
Circles:WT, squares: PTSMan, diamonds: PTSGlc,
triangles: PTSGlcMan.
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Acetic acid formation
One advantage with the use of the fed-batch technique is the possibility to decrease the
formation of acetic acid. The wild type and PTSMan produced acetic acid in proportion to
the growth rate (Fig 9). The PTSGlc and PTSGlcMan strains produced small amounts of
acetic acid. The differences in acetic acid production between a strain with mutations in
ptsG and the corresponding wild type strain have earlier been observed by others (Chou
et al. 1994).
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Figure 9. Accumulatin of acetic acid as a
function of cultivation time. Comparison of the
wild type cell (WT) and the mutants grown in
batch cultivation. Circles: WT, squares: PTSMan,
diamonds: PTSGlc, triangles: PTSGlcMan.
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We wanted to compare the acetic acid accumulation between mutants grown in batch
with wild type grown in fed-batch. Exponential feed rates were therefore designed to
theoretically give the same growth rates for the wild type in fed-batch as the mutants had
in batch. This would allow a comparison between the two systems. The PTSMan mutant
had a specific growth rate approximately equal to that of the wild type, making this type
of comparison impossible to perform. The acetic acid accumulation was close to zero in
the fed-batch cultivations after the initial batch of glucose was consumed (data not
shown). Batch cultivated mutants are equal to fed-batch cultivated wild type cells with
respect to acetic acid formation.
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Specific oxygen consumption rate
A lowered specific oxygen consumption rate, due to a lowered growth rate of the cells, is
one important factor that characterises fed-batch cultivation. The lowered rate of oxygen
consumption makes it possible to reach a high biomass. It is important to see that the
mutants are consuming oxygen in proportion to the growth rate. If the mutations had
caused an increased consumption of oxygen this could possibly have effects on the cell
mass accumulation.
Data showed that the specific oxygen consumption rate was proportional to the growth
rate. It was as highest for the wild type and the PTSMan strain and decreased for the slower
growing mutants. The wild type grown in fed-batch mode at the specific growth rate
corresponding to the specific growth rate of PTSGlcMan showed an almost identical oxygen
consumption rate as PTSGlcMan in batch mode (data not shown). PTSGlcMan would, from the
oxygen consumption point-of-view, be possible to cultivate to the same biomass in batch
as the wild type in fed-batch.
Product formation
The constitutive system was initially chosen for production of β-galactosidase to avoid
the difficulty in setting a comparative time of induction in the two production systems
(batch, fed-batch) and thus to eliminate the effect this could have on the comparison.
Figure 10 shows data from batch cultivations with the wild type and the mutants. It
should be observed that these strains all grow at different growth rates. The PTSMan strain
had the highest and most stable production. The wild type also had a relatively high
production rate in the beginning of the cultivation but the productivity dropped to around
50% at the time of harvest. PTSGlc had an initial low productivity that dropped even more
as a function of time. The PTSGlcMan had an even lower productivity (data not shown). To
find out if the low productivity was a result of the constitutive production we also tested
the inducible system. A higher productivity was obtained in PTSGlc but remained very
low in PTSGlcMan.
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The reason to why the production is so low in the double mutant, PTSGlcMan, is not known.
However, what can be said is that it looks like it is necessary that at least one of the
mannose or glucose PTS systems is working for an induction with IPTG to take place.
The lacUV5 promoter is theoretically not subjected to catabolite repression. However,
since we were unable to induce production we wanted to confirm this experimentally. We
therefore added cAMP to the cultures and measured production of β-galactosidase. No
difference in productivity was observed.
Mlc is involved in regulation of both glucose and mannose PTS systems as described
earlier. Enzyme IICBGlc is unphoshorylated at high glucose concentrations. This leads to
an increased concentration of free Mlc, which is generally bound to the phosphorylated
form of enzyme IICBGlc. When IICBGlc is deleted, Mlc can obviously not bind to the
phosphorylated enzyme. This should theoretically result in a decreased production of the
present PTS enzymes, leading to a decreased uptake of glucose. One hypothesis in our
work was that if IICBGlc expression could be restored, Mlc would be able to bind to the
phosphorylated form of the IICBGlc and thus relieve that repression of the PTS genes. We
investigated if our hypothesis was accurate by expression of enzyme IICBGlc from a
plasmid in the PTSGlc strain. No change in productivity was seen when the cultures were
induced. The mechanism that controls the production remains unclear.
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We also wanted to compare the product formation between batch cultivated PTSGlc and
fed-batch cultivated wild type. Both of the cultivations were induced by addition of IPTG
when the cells had a specific growth rate of approximately 0.4 h-1. The productivity was
approximately 50 U mg-1 h-1 after the induction for both of the strains. A productivity drop
was seen earlier for the PTSGlc than for the wild type (Fig 11). After induction the specific
growth rate decreased to approximately 0.20 h-1 for both the wild type and PTSGlc,
indicating the burden of the protein expression system. The total β-galactosidase
accumulation at the end of the cultivation was estimated to be 33% and 13% of the total
protein, for the wild type and PTSGlc respectively.
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Figure 11. Dry weight and specific
production rate of β-galactosidase of the
PTSGlc mutant grown in batch and the
WT strain grown in fed-batch at the
corresponding growth rate. Circles: WT
(fed-batch), diamonds: PTSGlc (batch).
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High cell density cultivation
A reduction of the growth rate, by the use of the mutants, would according to the
hypothesis lead to the possibility of achieving higher cell densities in batch cultivations.
An experiment was set up where wild type and PTSGlcMan where grown in batch mode.
Earlier results (data not shown) had indicated that glucose concentrations above 10 g l-1
had negative effects on growth. Glucose was therefore added batch wise in doses of

31

10 g l-1 during the cultivation. The final cell mass reached was 27 g l-1 for the wild type
and 34 g l-1 for PTSGlcMan respectively. The time needed for accumulation of a dry weight
of 27 g l-1 was 10 hours for the wild type and 25 hours for PTSGlcMan. The different times
resulted from and reflected the different growth rates of the strains.
The wild type produced ten times more acetic acid than the mutant, 9000 mg l-1 compared
to 900 mg l-1 during the cultivation time. The high amount of accumulated acetic acid in
the wild type cultivation had a severe effect on the growth rate, which dropped from
0.8 h-1 in the beginning of the cultivation to 0.2 h-1 in the end of the cultivation. The
growth rate was constant for PTSGlcMan during the whole cultivation. The wild type
showed a drop in the specific growth rate at a cell dry weight of approximately 7 g l-1 at
which point the concentration of acetic acid was approximately 1300 mg l-1. This is to be
compared with the results from Jensen and Carlsen (Jensen and Carlsen 1990) who
showed that acetic acid concentrations of above 6.1 g l-1 resulted in decreased growth
rate. However, different strains and medium are used in theses two studies and the origin
of the acetic acid is different. In our study the cells produced the acetic acid themselves
whereas the acetic acid in the Jensen and Carlsen study originated from addition of
sodium acetate to the medium.

2.2.3 Conclusion
We have shown that it is possible to control the growth rate in batch cultivation with the
use of the PTS mutants. The mutants have lower growth rates than the wild type. Instead
of having a limitation from the process control equipment, the limitation lies on the
cellular level. Acetic acid production from mutants grown in batch was comparable to
acetic acid production from the wild type grown in fed-batch at the same specific growth
rate. The oxygen consumption levels were also comparable. This means that it would be
possible to reach a higher cell mass and a higher total yield with the mutants than with
the wild type in a batch cultivation.
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3 Conclusions
The hypothesis in this study was that the stability of the outer membrane in E. coli is
gained from a certain combination of specific phospholipids and fatty acids on one side,
and the amount and specificity of the outer membrane proteins on the other side, and that
the specific growth rate influences this structure and therefore can be used to control the
periplasmic retention.
We found that it was possible to control leakage by the specific growth rate. The leakage
of the product increased as the growth rate increased. It was also found that a higher
growth rate resulted in increased productivity. The outcome was that the amount of
product inside the cells was constant.
When designing a process where the product is secreted to the periplasm one should
therefore use a low growth rate to decrease the leakage of the product to the medium. The
productivity is higher at a high growth rate but the extra protein that is produced is lost to
the medium and is only a waste of energy. A low growth rate also increases quality and
solubility of the product. However, to obtain a high yield of the product there is a need to
gain a high cell mass. The time that is needed to establish a high cell mass with the use of
a low growth rate is very long. It is therefore better to start the process with a relatively
high exponential feed in order to obtain a high cell mass. The feed rate is then set to a
constant level and the production of the recombinant protein is induced.
We also showed that the growth rate influenced the outer membrane composition. The
total amount of outer membrane proteins decreased as the growth rate increased and
further reductions in outer membrane protein accumulation was seen when a recombinant
product was secreted to the periplasm. The lowered amount of outer membrane proteins
may have contributed to the reduced ability for the cell to retain the product in the
periplasm.
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We further showed that it is possible to control the growth rate in batch cultivations by
using strains with mutations in the PTS. The ability to control the growth rate in batch
cultivations is valuable in many applications, for example in high throughput parallel
protein production when the goal is to receive soluble proteins. The fed-batch technique
is commonly used in large-scale industrial production of recombinant proteins. The
mutant strains make it possible to establish fed-batch mimicking conditions in small-scale
cultivations. This makes the screening for new production systems less complicated and
more reliable, since the same conditions can be used in both process development and in
the later large-scale production process.
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4 Abbreviations
AC
ATP
cAMP
CL
CCR
CRP
DNA
Dsb
DW
E. coli
EI
EII
F
Fab
hIL-13
Hpr
IPTG
KDO
kDa
LamB
LB
Lpp
LPS
NAG
NAM
MAE-hGH
MalE
MalE31
Mlc
mRNA
OD
OmpA
OmpC
OmpF
PEP
PhoA
ppGpp
PBP
PE
PG
PhoE
PTS
qp
qs
Si
SDS-PAGE
TAT
Trx
V
WT
X
µ

adenylate cyclase
adenosine triphosphate
cyclic adenosine monophosphate
cardiolipin
carbon catabolite repression
cAMP receptor protein
deoxyribonucleic acid
disulphide bond formation
dry weight (g/L)
Escherichia coli
enzyme I
enzyme II
flow rate (L/h)
antibody fragment
human Interleukin-13
phosphohistidine carrier protein
isopropyl-β-D-thiogalactopyranoside
keto-deoxy-octanoic acid
kilo Dalton
maltoporin
luria broth
murein lipoprotein
lipopolysaccaride
N-acetylglucosamine
N-acetylmuramic acid
met-ala-glu-hGH
maltose binding protein (MBP)
maltose binding protein with two altered amino acids
making large colonies
messenger RNA
optical density
outer membrane protein A
outer membrane protein C
outer membrane protein F
phosphoenol pyruvate
alkaline phosphatase
guanosine tetraphoshate
penicillin binding protein
phosphatidyletanolamine
phosphatidylglycerol
outer membrane phosphoporin protein E
phosphotransferase system
specific productivity (g g-1 h-1)
specific substrate consumption rate (g g -1 h-1)
substrate concentration (g/L)
sodium dodecyl sulfate polyacrylamide gel electrophoresis
twin arginine translocation
thioredoxin
cultivation volume (L)
wild type
cell dry weigh (g/L)
specific growth rate (h-1)
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