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Introduction

1 Escherichia coli

Escherichia coli is a Gram-negative bacterium, which is part of the microbial
flora of the intestine of warm-blooded organisms. ’E. coli’ is everything from
the pathogenic, enterohemorrhagic E. coli (EHEC) to the harmless strains used
in routine laboratory work. The laboratory strains used to date probably orig-
inate from two different ancestors that were isolated almost a hundred years
ago [1]. Bacillus coli is the earliest traceable ancestor of the B-lineage of E.
coli, which includes BL21 and derivatives. E. coli K-12 was isolated in 1922
and gave rise to the K-lineage, including, e.g., MG1655 and DH5α [1].

Laboratory E. coli strains have been subject to extensive manipulations
throughout the years, and even strains that belong to the same lineage exhibit
many differences [2; 3]. It is not surprising that the differences are even more
prominent when strains are compared between the two lineages [3]. Therefore,
even though the basic principles described in the following sections generally
apply to E. coli, one should be cautious when directly comparing the results
of studies if these were obtained using different strain backgrounds, even if
strains are highly related.

E. coli is a popular organism for a variety of applications, ranging from
studies aiming at the understanding of fundamental biological and biochemi-
cal processes to the production of biological substances like proteins and small
organic compounds. During my Ph.D. studies I was particularly interested in
the use of E. coli for protein production (papers I to III). The aim of my work
was to identify factors hampering the production of especially membrane- but
also secretory proteins and to use this knowledge to improve protein produc-
tion. An important part of my work was the analysis of a mutant strain that
is well suited for protein production. During the course of my studies it be-
came apparent that the genome of this strain exhibited changes that were not
solely important in the light of protein production, but in addition documented
its adaptation to stresses that prevailed during its isolation. The results of this
study are presented in paper IV.

The following chapters aim to give a general overview of topics that are
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important for the work presented in papers I to IV. The first chapters will focus
on aspects relevant to the biogenesis of proteins. Thereafter, I will give an
overview of some topics that are relevant for protein production in E. coli.
Finally, I will address some of the mechanisms that are involved in mutagenesis
and, more generally, the ability of E. coli to evolve in response to different
stresses.

2 Different compartments of Escherichia coli

The E. coli cell can be divided into four compartments: the cytoplasm, the
cytoplasmic membrane, the periplasm, and the outer membrane (figure 1). The
cytoplasm is the ’center’ of the cell. It contains all genetic information and
hosts a wide range of metabolic and biosynthetic processes. The cytoplasmic
membrane, periplasm, and outer membrane together are referred to as the E.
coli cell envelope [4]. The cell envelope is not only essential to contain the
cytoplasm and maintain cell shape, but also provides a barrier that protects
cells from an often harmful environment. This does by no means imply that
the envelope isolates the cell from its surroundings. Membranes are naturally
permeable to small, hydrophobic molecules. In addition, whilst hydrophobic
molecules and larger structures cannot diffuse through membranes per se, the
presence of proteins and protein complexes allows the controlled exchange of
these substances with the environment [5].

The following sections will concentrate on the composition and some prop-
erties of the constituents of the E. coli cell envelope (for review see [4]). For
the sake of simplicity, the different constituents will be addressed separately.
However, it should be stressed that they are heavily intertwined and act to-
gether in many capacities.

2.1 The cytoplasmic and the outer membrane

Simplified, a membrane can be considered as a network of various lipids and
proteins, in some instances with carbohydrate moieties attached to lipids. Mem-
brane lipids are composed of a hydrophilic head-group and a rather hydropho-
bic tail. Within a membrane, lipids are oriented such that their head-groups
face the aqueous environment, whereas the tails are separated from it. This
gives the membrane its typical bilayer structure [5] (see figure 1). The lipid
portion of the E. coli cytoplasmic membrane consists mainly of the glycero-
phospholipids phosphatidyl-ethanolamine (75%), phosphatidyl-glycerol (20%),
and cardiolipin [6]. Remarkably, E. coli is able to maintain the composition
and fluidic properties of the membrane rather constant at different temperatures
by modifying the hydrophobic tails of the phospholipids [6–8].
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The lipid portion of the inner leaflet of the outer membrane consists mainly
of glycerol-phospholipids, whereas the outer leaflet is composed of glycolipids
(lipopolysaccharides) [4; 6]. Thus, in contrast to the cytoplasmic membrane,
the outer membrane is asymmetric. Proteins of both membranes can be (par-
tially) embedded in the membrane, or attached to it by a lipid anchor or non-
covalent interactions.

For a long time, the unanimously accepted model describing the lipid-
protein-network of a membrane was the fluid-mosaic model [9]. According to
this model the membrane is a ’sea’ of lipids with proteins floating therein. Re-
cent research suggests a much more complex organization, where both lipids
and proteins are organized in complex and defined areas and influence each
other’s shape and distribution [10; 11]. This organization can be influenced
by structural components outside the plane of the membrane, e.g., the (bacte-
rial) cytoskeleton and the peptidoglycan layer. In eukaryotic organisms, the
presence of membrane rafts has gained a lot of attention [12]. These are lo-
cal ’assemblies’ of proteins in areas that are highly enriched in specific lipids.
Similarly, also bacterial membranes contain structured domains [13].

2.2 The periplasm

The periplasm contains the peptidoglycan layer that shapes and strengthens the
cell [14] (figure 1). This compartment is not only important from a structural
point of view, but it is also rich in terms of biochemical processes. It con-
tains proteins involved in the uptake and transport of nutrients, protein folding
and degradation, peptidoglycan synthesis etc. In addition, the periplasm is
much more directly exposed to environmental insults as compared to the cy-
toplasm. Recent research suggests that the viscosity of the periplasm differs
only marginally from that of the cytoplasm [15].
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Figure 1: The different compartments in E. coli. The E. coli cytoplasm is sur-
rounded by two membranes; the cytoplasmic membrane and the outer membrane.
In between the two membranes lies the periplasm, which contains the stabilizing
peptidoglycan layer. All compartments contain a variety of proteins. The lipid-
portion of the cytoplasmic membrane consists mainly of phospholipids that are
oriented such that the membrane exhibits a characteristic bilayer structure. The
outer membrane is asymmetric, with the inner leaflet composed of phospholipids
whereas the outer leaflet is composed of lipopolysaccharides (LPS). LPS con-
sist of a lipid A-moiety with oligosaccharides attached to it. The O-antigen is
a repetitive glycan polymer that is characteristic for a certain E. coli strain and
highly immunogenic. The E. coli strain BL21 and its derivatives, that were used
throughout my studies, lack the O-antigen. For a detailed description see section
2 and subsections. Figure modified after [4].
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Proteins

3 Classification and terms used in this thesis

At the most basic level, one can distinguish between soluble proteins and
membrane proteins [16]. Membrane proteins can be discriminated, based
on their association with the membrane, into integral (including lipoproteins)
and peripheral membrane proteins. Integral membrane proteins cannot be ex-
tracted from the membrane by means that leave the lipid bilayer intact, whereas
peripheral membrane proteins can be extracted by treatment with reagents
that interrupt non-covalent interactions (e.g., urea, high salt). Integral mem-
brane proteins can be further classified based on the secondary structure of
their membrane-spanning, proteinaceous domains(s), into α-helical and β -
barrel [16]. In E. coli, β -barrel membrane proteins are confined exclusively
to the outer membrane [17]. Hereafter, outer membrane proteins will be re-
ferred to as OMPs. During my studies I was primarily interested in membrane-
spanning proteins of the cytoplasmic membrane (hereafter referred to as MPs),
and proteins that are destined for the periplasm and beyond (secretory pro-
teins).

4 The life cycle of a protein

Independent of the nature of a protein, its life cycle can roughly be divided in
synthesis, folding (including mis- and refolding), function, and degradation.
Below I will discuss these processes with a special emphasis on cytoplasmic
proteins. Components and mechanisms specific to membrane- and secretory
proteins will be addressed in separate sections.

4.1 Synthesis

At the most basic level, all proteins are a chain of amino-acids. The sequence
of the amino-acids in this chain is encoded by its corresponding gene. To
make a protein, the information contained in a gene must first be transcribed
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into messenger (m)RNA with the help of RNA polymerase (RNAP). Ribo-
somes then translate the information contained in the mRNA into an amino-
acid chain. The single amino-acids are delivered to the ribosome by transfer
(t)RNAs [18].

The E. coli ribosome consist of a 30S subunit (composed of 21 proteins
and the 16S ribosomal (r) RNA), and a 50S subunit (composed of 33 proteins,
23S, and 5S rRNA). Together, the two subunits form the bacterial 70S ribo-
some. With respect to translation, three distinct sites can be discriminated,
an A- (aminoacyl-tRNA entry), a P- (peptidyl-tRNA binding) and an E- (exit)
site. Translation is initiated at a specific sequence in the mRNA, the ribosome
binding site (RBS; also called Shine-Dalgarno-sequence) (reviewed by [19]).
First, the 30S subunit is recruited to the mRNA such that the initiator codon
of the mRNA (mostly AUG [20]) is positioned in the P-site. Subsequently,
an initiatory tRNA (methionyl-tRNA) is recruited. The 50S subunit completes
assembly of the ribosome. Newly arriving tRNAs, charged with an amino-
acid, enter the ribosome at the A-site and the amino-acid is attached to the
methionine via a peptide bond. Now, the ribosome moves one codon further
along the mRNA and the discharged tRNA is released from the E-site. This
elongation continues until a stop-codon is reached, which has no complemen-
tary tRNA [19]. The growing polypeptide chain exits the ribosome via the
ribosome exit tunnel.

Under optimal conditions, E. coli ribosomes can join approximately 22
amino-acids per second [21]. Recent research suggests that the nature of the
amino-acids in the growing polypeptide chain influences the speed at which
polypeptide synthesis proceeds, i.e., positively charged amino-acids are likely
to slow down translation as they interact with negative charges in the ribosome
exit tunnel [22].

After (or during) translation, the polypeptide chain folds into its correct
conformation. The earliest steps towards the native conformation of a pro-
tein already occur in the ribosome exit tunnel. The dimensions of the tunnel
(80-100 Å long and 10- 20 Å wide, e.g., [23; 24]) allow the nascent chain to
adopt a certain degree of secondary or, possibly, tertiary structure (e.g., [25–
27]). However, the protein can only adopt its fully folded conformation after
emergence from the ribosome exit tunnel.

4.2 Protein folding (and unfolding)

Anfinsen elegantly demonstrated that all information needed for the correct
folding of a protein is, in principle, contained in its amino-acid sequence by
showing that denatured ribonuclease A can refold into a fully functional state
in solution [28]. Yet, in a cell the polypeptide chain encounters a very crowded
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environment [29] and it is believed that, within this environment, many pro-
teins require the assistance of molecular chaperones in order to reach their
native fold [30]. Chaperones are molecules that interact transiently with a
polypeptide chain. They assist the protein in its search for the native confor-
mation, but are not part of the final structure. Chaperones that have so far pri-
marily been associated with the recovery/removal of aggregated or misfolded
proteins will be discussed in section 6.

Chaperones have been identified in all domains of life and several are es-
sential for viability. The majority of chaperones identified so far are proteins.
Here, I will therefore focus on this class of chaperones. However, it should
be kept in mind that molecules other than proteins, like lipids and RNA, have
been shown to influence the final structure of a protein and, consequently, ex-
hibit chaperone-like effects [31–33].

The three major chaperones/chaperone systems in the E. coli cytoplasm
that are involved in the folding of newly synthesized proteins are trigger factor
(TF), DnaKJ/GrpE, and GroEL/ES [34]. Notably, these systems are able to
promote substrate folding in a defined, sequential manner, (e.g., [35–37]).

4.2.1 Trigger factor

TF is an ATP-independent chaperone which is highly abundant in the E. coli
cytoplasm [38] and displays chaperone- and peptidyl-prolyl-isomerase (PPI-
ase) activity [39; 40]. TF binds, with similar affinity, to non-translating and
translating ribosomes [41] and meets the nascent polypeptide chain when it
emerges from the ribosome exit tunnel. Thus, it has been suggested that the
majority of newly synthesized polypeptide chains may encounter TF (e.g., [38]).
Interestingly, compact polypeptide structures (presumably α-helices) present
within the ribosome exit tunnel disfavour TF-binding to the ribosome [42]. It
should also be noted that a recent study suggests that TF only contacts the ri-
bosome when approximately 100 amino-acids of the polypeptide chain have
been synthesized [43].

TF interacts with unfolded [40] or partially folded polypeptide chains (e.g.,
[44]) and protects them from aggregation. Recent research demonstrates that
TF is also able to unfold partially folded polypeptide chains [45]. Notably, TF
activity is not restricted to ribosome-bound polypeptide chains, but can also
aid the formation of protein complexes [46].

4.2.2 DnaKJ/GrpE

DnaK is the E. coli homologue of the mammalian Hsp70. It does not operate
on its own but requires the co-chaperone DnaJ (Hsp40) and, mostly, the nu-
cleotide exchange factor GprE (reviewed, e.g., by [34]). Starting point for one
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cycle of substrate binding is ATP-bound DnaK with an open substrate bind-
ing pocket, a state that allows high substrate exchange rates. The substrate
is delivered by the co-chaperone DnaJ [47; 48]. When substrate-bound DnaJ
docks onto DnaK, the ATPase activity of DnaK is stimulated. ATP-hydrolysis
induces conformational changes that increase the affinity of DnaK to its sub-
strate and lead to closing of the substrate binding domain. Subsequently, ADP-
release, stimulated by GrpE, leads to release of the substrate which may now
refold into its active conformation (e.g., [34]). DnaK-binding-motifs are en-
riched in hydrophobic amino-acids that are buried in the final fold of the pro-
tein [49]. Recently, Calloni et al. identified about 700 polypeptide chains that
are able to interact with DnaK in vivo and defined a central role for DnaKJ in
the E. coli chaperone network [50].

4.2.3 GroEL/ES

In contrast to DnaKJ/GrpE and TF, the GroEL/ES chaperone system is essen-
tial for viability of E. coli [51]. The central part of the chaperone is composed
of 14 GroEL subunits that form a ’double-doughnut’-shaped structure with two
opposite folding chambers [52; 53]. Each of these chambers is able to support
the folding of substrates that are up to 57 kD in size [54]. Once a substrate
has entered an un-occupied cavity, ATP binds to each subunit and the hep-
tameric GroES-ring will ’close’ the cavity [55]. Structural changes induced
by ATP- and GroES-binding gradually turn the hydrophobic GroEL-interior,
ideally suited to bind to exposed hydrophobic substrate residues, into a largely
hydrophilic surface that promotes sequential substrate release and folding [56–
58]. The main purpose of the GroEL/ES chamber is to provide an environment
in which the polypeptide chain can fold undisturbed. However, it has been
demonstrated that substrate binding to GroEL and, subsequently, ATP-binding,
promotes local expansion or unfolding of the polypeptide chain [58; 59].

The speed at which GroEL/ES operates is determined by the rate of ATP
hydrolysis [60]. Once hydrolysis is complete, GroES and ADP dissociate from
the complex and the protein is released. This process is triggered by sub-
strate/ATP binding to the previously unoccupied chamber [61; 62]. Notably,
substrates may have to undergo multiple rounds of binding and release before
they reach their final conformation. Numerous proteins, some of which are es-
sential, have been shown to be completely or partially dependent on GroEL/ES
for proper folding [63–65].

4.2.4 Additional folding modulators

It is worth mentioning that, in addition to the above mentioned chaperones,
other components have been shown to play a role in the folding of polypeptide
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chains, including components that have traditionally been linked to translation
(e.g., [66–68]). As indicated above, chaperones are not only involved in the
de novo biogenesis of proteins, but are just as important for the recovery of
misfolded proteins and the removal of undesirable protein aggregates. Owing
to the complexity of the regulatory components involved, these processes will
be addressed in section 6.

4.3 Protein degradation

The life of a protein ends with its degradation by proteases and, subsequently,
by peptidases. Proteolysis is not only important to remove unwanted proteins
(i.e., proteins that are terminally damaged/aggregated), but is also essential for
the regulation of many cellular processes. Here, I will address the process of
proteolysis and the key players involved in the E. coli cytoplasm. Just as cyto-
plasmic chaperones, these proteins are not only important under regular (i.e.,
non-stressed) conditions, but are also essential components of global responses
that counteract stress. Global stress responses will be discussed in section 6.

In E. coli, five major proteolytic systems that act on proteins in the cyto-
plasm have been identified so far: ClpXP, ClpAP, HslUV, Lon, and FtsH. All
of these belong to the AAA+ type family of ATPases. Members of this family
have been found in all organisms, albeit to varying extent [69; 70]. They con-
sist of at least one ATPase domain and a peptidase domain that reside either
on two separate polypeptides (ClpXP, ClpAP, HslUV) or are contained in one
single polypeptide chain (Lon, FtsH) [69; 71]. The membrane-bound protease
FtsH is the only enzyme that is indispensable for viability and targets both
cytoplasmic proteins and MPs [72–75].

All AAA+ proteases seem to form barrel-shaped complexes with the pro-
teolytic activity located on the inside, even though the number of subunits
needed to form the (active) barrel varies [76–81]. To prevent the unregulated
hydrolysis of proteins, the access to the proteolytic chamber is restricted by a
narrow entry pore. The ATPase domain, also referred to as unfoldase, is most
commonly located on top of the barrel and unfolds the substrate protein in an
ATP-dependent manner, even though alternative configurations have been de-
scribed for Lon [81]. The unfoldases ClpX and HslU have also been shown to
play an important role in regulating the access of a substrate to the proteolytic
chamber by modulating the pore diameter [82; 83]. In the proteolytic cham-
ber, the peptidase hydrolyses exposed peptide bonds. The resulting peptide
fragments are released into the cytoplasm where they are further degraded.

It is intriguing that only few substrates have been identified for these pro-
teases so far (e.g., [71; 74; 84]). Nonetheless, given their abundance it seems
likely that they act on a wide variety of substrates.
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5 Biogenesis of membrane- and secretory proteins

As for all E. coli proteins, also the biosynthesis of MPs and secretory proteins
starts in the cytoplasm. In order to reach their final location, they need to be
targeted to the membrane, where they either have to be integrated and folded
(MPs) or translocated across into the periplasm (secretory proteins).

5.1 Targeting to the membrane

In E. coli, proteins can be targeted to the membrane in a co-translational or a
post-translational fashion. The commonly accepted view is that co-translational
targeting is mediated by the signal recognition particle (SRP). Most MPs, and
a handful of secretory proteins, are thought to be targeted via this pathway [85–
87]. The majority of secretory proteins is currently believed to be targeted post-
translationally in a SecB/SecA dependent fashion (compare section 5.1.3).

The SRP-dependent, co-translational targeting pathway and the SecB/SecA-
dependent, post-translational targeting pathway converge at the Sec-translocon,
that mediates both the insertion of MPs into and the translocation of secretory
proteins or periplasmic domains of MPs across the membrane. It should be
noted that there is some evidence of overlap between the two pathways. Thus,
a strict discrimination may turn out to be an over-simplification. However, in-
dependent of which targeting pathway is used, the targeted protein has to be
maintained in a largely unfolded state in order to be compatible with translo-
cation/insertion.

Another pathway that targets proteins in a post-translational fashion is the
twin-arginine translocation (TAT)-pathway [85; 88]. In contrast to the Sec-
dependent pathways described above, proteins following the TAT-pathway can
be folded prior to translocation via the TAT-translocase. Most TAT-dependent
proteins identified so far contain co-factors that need to be acquired in the
cytoplasm, which necessitates their folding in this compartment [88]. Since
the TAT-pathway was not part of this thesis, it will not be discussed further.
For more information on this pathway see, e.g., [88].

5.1.1 The targeting signal

In order to be targeted to the membrane proteins must be equipped with a
signal that is recognized by the different targeting components and funnels
them into one of the targeting pathways (see section 5.1). The existence of
such a signal was first demonstrated in eukaryotic systems by Gunter Blobel
and his colleagues, who established that ’the information for segregation of
a translation product (into microsomes from dog pancreas) is encoded in the
mRNA’ [91].
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Figure 2: Biogenesis of MPs and secretory proteins. MPs are primarily tar-
geted to the cytoplasmic membrane in a co-translational fashion, mediated by
SRP and its membrane-bound SRP-receptor FtsY. At the membrane, the SRP-
bound RNC-complex is transferred to the protein-conducting Sec-translocon,
which mediates the insertion of TMs into the cytoplasmic membrane (CM) and
the translocation of soluble loops across. The translocation of large periplas-
mic loops requires energy provided by the ATPase SecA. YidC may assist the
Sec-translocon in the insertion process, but can also act as an integrase on its
own. MPs can be targeted to YidC via the SRP-pathway or a hitherto unknown
mechanism. It has also been proposed that mRNAs encoding MPs can be tar-
geted directly to the membrane. Non-MP encoding mRNAs are possibly dis-
criminated from MP encoding mRNAs due to an enrichment of uracils in regions
encoding hydrophobic amino-acids [89]. The targeting of secretory proteins to
the Sec-translocon occurs primarily via the post-translational pathway, which in-
volves SecB, SecA and, possibly, TF (see sections 4.2.1 and 5.1.3). At the Sec-
translocon, the nascent chain is translocated into the periplasm, which requires
energy provided by SecA and the proton-motive force. The targeting signal is
removed by leader peptidase (Lep). The SecDFYajC-complex may have a role in
assisting the biogenesis of MPs and secretory proteins. OM = outer membrane.
Figure modified after [90].
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Now it is evident that for most MPs the first transmembrane domain (TM),
also referred to as signal anchor sequence, serves as targeting signal that ini-
tiates SRP-dependent, co-translational targeting upon emergence from the ri-
bosome exit tunnel (see, e.g., [85; 90] and figure 2). TMs are enriched in
hydrophobic amino-acids and usually devoid of polar and charged residues,
which would be highly unfavourable in the hydrophobic core of the membrane.
The signal anchor sequence is not cleaved but remains part of the MP.

Secretory proteins are typically equipped with a cleavable, N-terminal sig-
nal sequence, consisting of a positively charged N-terminus, a hydrophobic
core (the H-segment) that has a high propensity to form an α-helix, and a
C-terminus that is enriched in small, polar amino-acids [92]. At the very
C-terminus, a signal peptidase recognition motif is localized that allows re-
moval of the signal sequence upon translocation across the membrane. Gen-
erally, a highly hydrophobic N-terminal targeting signal is likely to mediate
co-translational targeting, whereas a less hydrophobic signal funnels proteins
into the post-translational pathway, even though this discrimination is not ab-
solute [86; 93]. The signal sequence of the periplasmic protein DsbA, which
was employed for the studies presented in paper III, targets proteins in an SRP-
dependent manner [87]. Notably, some MPs are, just as secretory proteins,
equipped with a cleavable targeting signal (e.g., [94; 95]).

Different studies indicate that the nature and properties of the protein de-
termine the choice of the targeting pathway: A fast-folding protein may prefer-
ably be targeted in a co-translational fashion to avoid premature folding, where-
as slower folding proteins can be kept translocation-competent even upon post-
translational targeting [86; 87; 96]. In this respect it is also worth mention-
ing that the signal sequence itself can be important to keep the protein in a
translocation-competent state (e.g., [97]).

5.1.2 The co-translational pathway

Co-translational targeting of ribosome-nascent chain complexes (RNCs) relies
on the SRP-targeting pathway. This pathway comprises the SRP and its re-
ceptor FtsY [98], both of which are GTPases. The E. coli SRP consists of a
protein subunit, the fifty-four-homologue Ffh (named after its mammalian ho-
mologue 54), and the 4.5S RNA. The genes encoding SRP cannot be deleted,
but SRP-levels can be reduced to a very high extent without notably affecting
cell viability [99; 100].

SRP associates with non-translating ribosomes with an affinity of 50-100
nM [101; 102]. The presence of a polypeptide chain within the ribosome exit
tunnel results in an increase in affinity to approximately 1 nM. The ribosome-
associated SRP scans the nascent chain for the presence of a targeting signal
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as it emerges from the ribosome. If an appropriate signal (i.e., a signal-anchor
sequence or a sufficiently hydrophobic signal sequence) is recognized SRP
binds to it, which stabilizes the RNC-SRP-complex [102]. Emergence of a
non-SRP substrate leads to loss in SRP-affinity and dissociation from the ribo-
some [101]. Resent research suggest that this initial scanning process provides
the first of several quality control steps to ensure that only true SRP-substrates
are targeted via the SRP-pathway [103].

At the membrane, the SRP-RNC complex interacts with FtsY, a process
that requires both SRP and FtsY to be in a GTP-bound state. An alterna-
tive theory suggests SRP-independent ribosome targeting to the membrane via
nascent FtsY [104; 105]. Studies performed by Braig et al. have demon-
strated the existence of ’empty’, membrane bound SRP-FtsY complexes (i.e.,
complexes that are not in contact with a RNC), supporting the idea of SRP-
independent targeting of the RNCs [106]. Whichever the case, it is clear that
the majority of FtsY is bound to the cytoplasmic membrane [98] and that SRP
bound to the correct RNC has an increased affinity to FtsY [101].

Interaction of SRP-FtsY initiates GTP-hydrolysis and induces structural
rearrangements that allow efficient transfer of the RNC to the Sec-translocon
[107]. Upon GTP hydrolysis, SRP and FtsY are released, freeing them for
a new round of targeting (e.g., [85]). The RNC stays attached to the Sec-
translocon and translocation proceeds. It should be noted that SRP also has
been shown to target MPs to the insertase/translocase YidC [108–110] (see
section 5.2.3).

5.1.3 The post-translational pathway

Most proteins that are to be secreted across the cytoplasmic membrane uti-
lize the post-translational pathway [85; 90]. Importantly, ’post-translational’
does not strictly mean that the translation process is complete, but that a major
portion of the polypeptide chain has been synthesized [111].

One of the major challenges of this pathway is to maintain the polypeptide
chain in a translocation-competent state, i.e., unfolded. The first chaperone to
accomplish this task may be TF (see section 4.2.1). Subsequently, the cytoplas-
mic chaperone SecB may bind to various stretches of an emerging polypeptide
chain to prevent premature folding and aggregation [112]. The latter notion
has supported the term of ’SecB-dependent, post-translational targeting’. No-
tably, SecB does not bind to the signal sequence itself [112], and proteins may
also be targeted to the Sec-translocon without involving SecB (e.g., [113]).
Work by Lui et al. suggests that, besides chaperones, the signal sequence of
the secretory protein itself may have a role in maintaining the translocation
competence of post-translationally targeted proteins [97].
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The prevailing view is that the (SecB-bound) nascent chain is subsequently
transferred to the ATPase SecA associated with the membrane. SecA interacts
with the Sec-translocon and mediates the transfer of the polypeptide chain to
the Sec-translocon, where it is translocated across the membrane (e.g., [113;
114]).

An increasing body of evidence suggests that the classical view on post-
translational targeting may require refinement (e.g., [115; 116]). It has been
observed that SecA binds to translating ribosomes, with an affinity that in-
creases in the presence of native substrate. Together with the notion that SecA
interacts with signal sequences of non-SRP-substrates, these data promote the
idea that SecA interacts co-translationally with substrates prior to funneling
them into the post-translational pathway [116]. Nonetheless, for the remainder
of this thesis, I will adhere to the classical term of ’post-translational targeting
pathway’.

5.2 Membrane insertion and translocation

5.2.1 The Sec-translocon

The Sec-translocon is a protein conduction channel that mediates the biogen-
esis of both MPs and secretory proteins. The core unit of the Sec-translocon
consists of the integral MPs SecY (α), SecE (γ) and SecG (β ) in a 1:1:1 ra-
tio [117]. SecY and SecE are highly conserved across all kingdoms and, con-
sistently, have been shown to be essential, whereas SecG is dispensable [85].
SecY levels are reduced in SecE-depleted cells due to degradation of un-com-
plexed SecY by the protease FtsH [118; 119].

The crystal structure of the Sec-complex from Methanococcus jannaschii
was solved in 2004 [117] (compare figure 3). The ten TM helices of Secα

(SecY) that make up the channel are organized in two halves, consisting of
five helices each. Secγ (SecE) makes contact with helices from both halves
and thus appears to ’clamp’ the sites together. Overall, the channel displays
an hour-glass shape with a wide opening to the cytoplasmic side and a narrow
constriction towards the middle. A plug closes the channel in the resting state
and must be displaced to allow translocation of a polypeptide [117; 120]. It
has been suggested that TMs or signal sequences partition laterally into the
lipid bilayer via a ’gate’ in the translocon [117; 121]. The idea of a lateral
gate is, e.g., supported by studies that the TM of FtsQ can be cross-linked
simultaneously to SecY and to lipids [122].

Research by Cymer and von Heijne suggests that for MPs with multiple
TMs, in addition to hydrophobic interactions with lipids, also hydrophilic in-
teractions with preceding TMs contribute to the partitioning. This could aid
membrane insertion as well as folding of these proteins [123].
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Figure 3: The Sec-translocon. A The two halves of SecY (blue and red) are
’clamped’ together by SecE (gray). B TM2b, 3, 7, and 8 have been suggested to
make up the lateral gate, that allows partitioning of a TM or a signal sequence into
the lipid bilayer. A model TM and its potential lateral movement are indicated
(magenta). The plug is depicted in green. Reprinted with permission from [117].

As mentioned initially, also secretory proteins employ the Sec-translocon.
Once the signal peptidase recognition motif emerges on the periplasmic side of
the membrane or upon completion of translocation, the E. coli signal peptidase
Lep removes the signal peptide. This allows the release of the translocated pro-
tein into the periplasm [124]. The optimal cleavage site for Lep has been found
to be AXA, where X is a small, non-polar amino-acid [124]. In the periplasm,
the polypeptide chains of soluble proteins fold into their final conformation.
OMPs are further targeted to the outer membrane, where they integrate and
fold. The remaining signal peptides are degraded by signal peptidases, e.g.,
RseP [125].

Besides the SecYEG-core, assessory components have been identified that
(may) aid the Sec-translocon in the biogenesis of MPs and secretory proteins.
These comprise of SecA, YidC, the SecDFYajC-complex, Syd, and YidD.

5.2.2 SecA

The ATPase SecA is a peripheral component of the Sec-translocon, which is
essential for viability. In addition to mediating the transfer of post-translational-
ly targeted proteins to the Sec-translocon (see section 5.1.3), SecA fuels the
translocation process of secretory proteins by multiple rounds of ATP-binding
and hydrolysis [113; 126]. Translocation also requires the proton-motive force
[127].

As opposed to the translocation of secretory proteins, the translocation
of periplasmic domains of MPs is generally supported by the ’pushing’ ribo-
some. Energy provided by SecA is required if large soluble domains need to
be translocated across the membrane [87; 128; 129], and for the translocation
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of the C-termini of single spanning TMs [129]. Notably, if the translocation
capacity of the Sec-translocon is insufficient, E. coli ’responds’ by increasing
SecA-levels [130].

5.2.3 YidC

YidC is an essential MP, and, just as the Sec-translocon, highly conserved be-
tween different organisms (Oxa1 in mitochondria, Alb3 in chloroplasts) [131].
In E. coli, YidC is involved in membrane insertion as well as folding of MPs
and can assist the assembly of MP complexes (see below). In agreement
with YidC being essential, its depletion severely compromises the composi-
tion of the cell envelope. This results in cell envelope stress, as shown by both
transcriptome- and proteome analysis [132–135].

Amongst the proteins that at least partially require YidC for proper inser-
tion into the cytoplasmic membrane are Foa [136], CyoA [137; 138], NuoK
[139], and ProW [131]. It has been suggested that YidC receives TMs of MPs
at the lateral gate and aids their insertion into the membrane [131; 140–142].
This notion was recently strengthened by a study demonstrating that YidC can
be cross-linked to the helices that make up the lateral gate of the Sec-translocon
in vivo [143].

MPs whose insertion has been shown to be solely YidC dependent are
Foc [144] and the MscL-channel [109]. Recent in vitro experiments suggest
that even multi-spanning MPs can be efficiently inserted by YidC as long as
they lack long, periplasmic loops (i.e., do not require the action of SecA) [110].
As mentioned above, targeting of nascent chains to YidC can occur via SRP or
a hitherto unknown mechanism. In vitro experiments indicate that YidC may
even function as post-translational insertase [145].

The proteins LacY and MalF do not require YidC for insertion, but rather
for folding and stability in the membrane [146; 147], and YidC is required for
the assembly of the maltose transport complex [146]. It should be noted that
YidC has also been shown to interact with the E. coli autotransporter Hbp, and
may thus have a role in the biogenesis of secretory proteins (e.g., [148]).

In paper I and II, YidC is used as a model protein to study MP production.
Given the role of YidC in MP biogenesis, one may ask whether the results ob-
tained are influenced by a possible activity of the produced YidC. However,
it has been reported that non-functional versions of YidC elicit essentially the
same responses when produced in E. coli as compared to the functional pro-
tein [149] and, consequently, YidC may be used as a model protein.
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5.2.4 SecDFYajC, Syd, and YidD

Compared to the above described components, SecDFYajC, Syd, and YidD
are far less well studied. It has been suggested that the SecDFYajC complex,
which can interact with SecY [150] and YidC [140], provides the link be-
tween SecYEG and YidC [151]. However, YidC can contact SecY also in a
SecDFYajC depletion background [143]. It has also been proposed that the
SecDF-complex has a role in proton-motive force dependent protein translo-
cation across the membrane [152], and that SecD facilitates the release of se-
cretory proteins into the periplasm upon translocation [153].

The membrane-associated protein Syd interacts with SecY and destabilizes
the SecYEG complex in vitro, and has been suggested to have a regulatory
role in protein export [154; 155]. The protein YidD is not essential for cell
viability, but deletion of the gene encoding YidD reduced the levels of the
YidC-dependent proteins CyoA and Foc [156].

The network of factors involved in MP insertion and folding might be even
more complex than already appreciated. It should be noted that the folding of
cytoplasmic or periplasmic loops may be assisted by soluble chaperones. Since
most MPs in E. coli function as part of homo- or hetero-oligomeric complexes,
proteins must not only integrate into the membrane but, subsequently, associate
with the respective interaction partners. The assembly of individual MPs into
complexes has not been part of my Ph.D.-studies and will therefore not be
discussed.

5.3 Quality control and degradation of membrane proteins

Unfortunately, not much is known about quality control mechanisms that act
on MPs in E. coli. One of the best-studied proteins implicated in the quality
control of MPs is the AAA+ protease FtsH described in section 4.3). FtsH
is anchored to the membrane via two N-terminal TMs with the catalytically
active domain located in the cytoplasm [73; 74; 79]. FtsH degrades MPs af-
ter extracting them from the membrane [157; 158]. As described in section
4.3, substrates can only enter the proteolytic chamber of FtsH after they have
been unfolded, a process that requires ATP. Interestingly, it was shown that
GFP equipped with a signal targeting it for degradation by FtsH, or a signal
recognized by both FtsH and ClpXP, cannot be degraded by FtsH as long as
the GFP moiety is folded [159]. In contrast ClpXP readily degraded folded
GFP equipped with the respective degradation signal. This led to the sugges-
tion that FtsH has only a rather weak unfolding activity and will not be able
to act on targets that contain a stably folded domain [159]. This notion agrees
well with the role of FtsH in the degradation of presumably unstable MPs like
uncomplexed SecY [119] or Foa [160]. Two accessory proteins, HflK and
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HflC, modulate the activity of FtsH [161]. Cross-linking experiments support
a concerted action of FtsH, HflKC, and YidC in MP quality control [162].

So far, two other proteases have been shown to act on MPs in E. coli, HtpX
and GlpG. Both proteases are far less well studied than FtsH. Like FtsH, HtpX
is anchored to the membrane via two TMs, with the active site residing in the
cytoplasm [163]. HtpX has been shown to degrade SecY [164]. Since HtpX
does not possess an intrinsic ATPase domain it appears unlikely that the protein
by itself can extract substrates from the membrane prior to degradation.

The polytopic membrane protein GlpG is a member of the rhomboid fam-
ily of proteases [165]. As such, it is able to hydrolyse substrates in the plane of
the membrane [124; 166]. GlpG has been shown to cleave truncated versions
of the MP MdfA [167], and a TM of LacY incorporated in a model MP [165].

It is likely that, besides factors that are integral to the cytoplasmic mem-
brane, also cytoplasmic and periplasmic chaperones/proteases play a role in
MP quality control. Further research is needed to develop our understanding
of this complex process.

5.4 Folding, quality control, and degradation in the periplasm

The folding of periplasmic proteins involves mechanisms quite similar to the
folding of cytoplasmic proteins, with two major differences: Whereas the cy-
toplasm is a reducing environment, the periplasm is oxidizing and supports the
formation of structural disulfide bonds; and factors acting in the periplasm op-
erate in an ATP-independent manner as this compound is exclusively localized
to the cytoplasm. The periplasm contains a variety of folding catalysts, chap-
erones and proteases. As outlined in the next sections, these functions are in
some instances contained within the same polypeptide chain.

5.4.1 The disulfide bond formation system

The native fold of several periplasmic proteins contains intra-molecular disul-
fide bonds. For a recent review on disulfide bond formation see, e.g., [168;
169].

The disulfide-bond oxidoreductase DsbA is the initial catalyst for disulfide
bond formation (see figure 4). DsbA is a soluble, periplasmic protein which
contains one disulfide bond. It oxidizes free cysteines of a substrate polypep-
tide, which results in the formation of a disulfide bond in the substrate. Re-
duced DsbA is reactivated with the help of the MP DsbB. Electrons are trans-
ferred from DsbA via DsbB to ubi- or menaquinone. If the initial oxidation
results in the formation of ’wrong’ disulfide bonds, proteins cannot reach their
native conformation; they are misfolded. Such proteins can be sensed by the
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Figure 4: Disulfide bond formation in the periplasm. DsbA catalyzes the
first step in the formation of disulfide bonds, the oxidation of substrate cysteines.
Electrons are then transferred via DsbB and ubi- or menaquinone (Q) to a ter-
minal electron acceptor (*) (e.g., oxygen). Wrongly formed disulfide bonds can
be reduced via DsbC and DsbD. The electrons that are required for the reduction
stem from reducing equivalents in the cytoplasm and are transferred to DsbD via
thioredoxin (TrxA). For a detailed description of the Dsb-system refer to section
5.4.1. Modified after [168].

disulfide bond isomerase DsbC. Misfolded proteins likely bind to a hydropho-
bic groove in an active, DsbC homodimer. Subsequently, existing disulfide
bonds are reduced. The substrate is released and may undergo another cycle
of disulfide bond formation. The MP DsbD now reactivates DsbC, a process
that involves the oxidation of cytoplasmic thioredoxin.

Similar to DsbC, the DsbG protein has been demonstrated to be involved
in disulfide bond isomerization. However, it was proposed that substrates of
DsbG are (partially) folded rather than misfolded [170]. Recent research sug-
gests that DsbG primarily prevents the oxidation of single cysteine residues
that are important for protein function in concert with DsbC [171].

5.4.2 Periplasmic chaperones and folding catalysts

In addition to the Dsb system, the periplasm harbours various other compo-
nents involved in protein folding. Here, I will briefly describe those that are
best characterized, or that have been associated with the production of secre-
tory proteins, namely SurA, Skp, FkpA, PpiD, and Spy (compare section 12.3).
Importantly, even proteins that so far have mainly been linked to the production
of OMPs in vivo have been employed for the production of soluble proteins in
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the periplasm.
SurA is a chaperone with PPIase activity, which has been suggested to

assist the folding of OMPs and the assembly of OMP-complexes [172; 173].
A proteomics analysis showed that only eight of the 64 identified OMPs were
negatively affected in a SurA deletion/depletion mutant. Out of these, only
LptD could be identified as true SurA substrate [174].

The chaperone Skp is thought to interact with parts of the polypeptide
chains of OMPs to keep them in a state compatible with subsequent inser-
tion/assembly events [175]. In addition, Skp may act as a periplasmic targeting
factor for OMPs [176]. Substrate proteins may interact in a sequential manner
with Skp (or SurA) and the chaperone/protease DegP [177] (see section 5.4.3).
A recent proteomic study suggests that SurA is the major factor for the folding
of OMPs, but can mostly be compensated for by Skp [178]. Skp may also have
a role in preventing the aggregation of periplasmic proteins [179].

FkpA is a periplasmic chaperone and PPIase [180; 181]. Data on the in
vivo-activity of FkpA on endogenous targets are unfortunately scarce. FkpA
prevents misfolding of an unstable variant of the maltose binding protein [180],
and was recently shown to interact with the passenger domain of an autotrans-
porter from E. coli O157:H7 [182].

PpiD is a MP whose catalytic activity is localized in the periplasm [183].
It has been suggested to exhibit both chaperone and PPIase activity [184], even
though the latter is controversial [183; 185]. PpiD was previously thought to be
primarily involved in the folding of OMPs, but may even have a more general
role by supporting the folding of newly translocated proteins [184; 186].

Spy is a periplasmic protein that only recently has been shown to exhibit
chaperone activity in vitro [187]. Its levels are much increased upon the pro-
duction of an unstable, soluble protein in the periplasm. Spy appears to act on
soluble proteins rather than OMPs [187], and thus may prove a valuable tool
for the production of secretory proteins (see section 12).

5.4.3 Periplasmic proteases

To date, 20 different proteases have been identified in the periplasm of E.
coli [188]. Here, I will limit myself to the High temperature requirement A
(HtrA) proteases DegP, DegQ, and DegS, which are well studied and have
been shown to be involved in quality control. HtrA proteases are serine pro-
teases and have a minimum of one peptide binding domain. As the name
suggests, this class of proteases plays an important role during the prokaryotic
heat shock response (see section 6.1).

DegP has both chaperone- and protease activity [189–191]. The protease
activity is important under conditions that induce misfolding of proteins, e.g.,
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elevated temperatures [191]. In the absence of substrate (unfolded proteins),
DegP exists as a dimer of trimers, with the proteolytically actives sites at the
inside and blocked by the opposite trimer. Binding of substrate protein appears
to induce and stabilize higher oligomeric assemblies up to 30mers that are pro-
teolytically active [192; 193]. The minimal unit of DegP capable of cleaving a
substrate has been shown to be a trimer [194].

Based on structural data and the notion that the protease DegP only acts
on unfolded polypeptide chains, Krojer et al. [192] postulate that proteins that
are able to re-fold within the proteolytic cavity escape proteolysis, whereas
those that fail to do so are cleaved. Thus, the chaperone activity would be
attributed to the ability of DegP to provide a protective environment. Assembly
and activation of protease activity requires the presence of distinct recognition
motifs in the substrate protein [193].

DegQ is another member of the Deg-family of proteases. Its gene was
identified in 1996, and it was proposed that DegQ acts as a protease in the
periplasm [195]. In contrast to degP, expression of degQ is not induced at
elevated temperatures [195]. In the presence of substrate, DegQ is converted
from trimers [196] or hexamers [197; 198] to 12- and 24mers that efficiently
degrade substrate proteins or allow their folding [198]. DegQ and DegP may
have partially overlapping functions [195], which appears plausible given their
similarities in mechanism and architecture. Just as DegP, DegQ can function
as protease and chaperone [197]. Research by Bai et al. suggests that DegQ
displays higher chaperone and less protease activity, whereas the opposite is
the case for DegP [196].

The essential protease DegS [195] is the third member of this family. DegS
forms trimers, but has so far not been shown to assemble into higher oligomeric
structures and is, in contrast to DegP and DegQ, attached to the cytoplasmic
membrane [124]. In the absence of substrate (i.e., misfolded OMPs), the DegS
active side is blocked by an internal loop [199]. Substrate binding to the pep-
tide binding domain releases this blockage and allows DegS to become pro-
teolytically active [200]. DegS is part of the envelope stress response system
and, as such, plays an important role in maintaining the integrity of the cell
envelope [201] (see section 6.2).

6 Stress responses and regulators

Cells have to be able to react quickly and coordinated to various kinds of stress.
An adequate stress response requires the concerted action of different cellular
factors. To achieve this, global regulators of gene expression, like σ factors,
are indispensable. σ factors are exchangeable subunits of the E. coli RNA
polymerase (P) core enzyme that determine its promoter specificity and, thus,
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can direct the expression of specific genes [202]. Also, two-component regula-
tors, like the CpxAR system, have been shown to enhance expression of genes
involved in stress responses. Genes whose transcription is regulated in concert
by the same transcription factor or transcriptional regulator are referred to as
’regulon’.

Of particular interest to my thesis are stress responses that are induced
upon increased protein misfolding and/or aggregation, which is a common
side-effect when attempting to produce proteins in E. coli, as demonstrated,
e.g., in paper I for the production of MPs. These are the σ32 or σH (rpoH)
mediated heat shock response, and the σ24 or σE (rpoE) and CpxAR mediated
envelope stress responses. It should be noted that there is extensive overlap
between the target genes of these stress responses. Also, the transcription
of many of the target genes, like those encoding the chaperones DnaK and
GroEL/ES and the protease Lon, is performed by the RNAP-σ70 holoenzyme,
since the proteins they encode have important house-keeping functions [203].

6.1 The heat shock response

As the name implies, this response has initially been linked to the (transient)
exposure of cells to high temperature, which leads to increased protein mis-
folding and aggregation. σ32, the central regulator of this response, coordi-
nates the expression of a multitude of genes encoding proteases, chaperones,
and accessory proteins, many of which are essential even under non-stressed
conditions [203–205]. Amongst these are the afore-mentioned chaperones
DnaKJ/GrpE and GroEL/ES, and the proteases FtsH, Lon, and HtpX.

Also the AAA+ protein ClpB and the small heat shock proteins IbpA and
B are part of the σ32 regulon. ClpB has been recognized for its ability to re-
solve protein aggregates together with the DnaKJ/GrpE-system [206]. ClpB
is thought to act by threading the substrate through its central cavity in an
ATP-dependent manner, thereby mediating disaggregation and substrate un-
folding [207]. This is in agreement with the mechanism previously described
for the unfoldase components of the AAA+ proteases (see section 4.3). IbpA
and B assist chaperones in the disassembly of protein aggregates and have
been shown to act in concert with ClpB and DnaKJ/GrpE [208]. Intriguingly,
approximately 25% of the genes of the σ32 regulon encode MPs [205]. To un-
derstand the role of all these genes and their respective proteins in the recovery
of E. coli from heat shock, further research is needed.

In order to prevent futile gene expression and stress responses, σ32 levels
are strictly regulated (see figure 5). rpoH is constitutively transcribed and, even
though regulation on a transcriptional level has been described (e.g., [209]),
regulation appears to occur primarily after transcription. The σ32 mRNA has
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Figure 5: The E. coli heat shock response. Depicted are some of the compo-
nents/factors involved in regulation of σ32 and in the σ32-mediated heat shock
response. Levels of σ32 are regulated on a transcriptional, translational, and post-
translational level. σ32 regulates the expression of numerous genes, amongst
them those encoding the protease FtsH, the chaperones DnaKJ, GroEL/ES, and
ClpB, and the small heat shock proteins IbpA/B. Misfolded proteins can be de-
graded by proteases (like FtsH) or unfolded and refolded with the assistance of
chaperones, like DnaKJ/GrpE or GroEL/ES. IbpA/B, ClpB, and DnaKJ/GrpE
can form a functional triad to resolve protein aggregates. For more information
see section 6.1.

been shown to form secondary structures that limit access of the ribosome
to the translation initiation site at permissive temperatures. An increase in
temperature results in an increase in translation rate due to the resolution of
these structures (e.g., [210]). On a post-translational level, DnaKJ/GrpE and
GroEL/ES have been shown to regulate σ32 activity. Different models have
been proposed to explain the post-translational regulation by these chaperones,
amongst them the sequestration of σ32 by chaperones that are not occupied
with substrate (i.e., mis- or unfolded proteins) or chaperone-mediated degra-
dation of σ32 [204; 211–213]. Proteases like FtsH and HslUV degrade σ32,
thereby reducing its levels [214–216]. Thus, σ32 and the proteins encoded by
genes in the σ32 regulon are intimately connected.

6.2 Envelope stress responses

Envelope stress responses are induced by factors that negatively affect the in-
tegrity of the cell envelope. The σ24 and CpxAR mediated responses are prob-
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ably the best characterized ones in E. coli. Both systems respond to the pres-
ence of misfolded or mislocalized proteins in the cell envelope (e.g., [217]).

6.2.1 The σ24 envelope stress response

The first evidence that σ24 is involved in regulating responses to envelope
stress came from an experiment where an OMP was produced at high levels.
This led to upregulation of σ24, probably due to the accumulation of OMPs in
the periplasm [218]. Just as for σ32, the levels and activity of σ24 are strictly
regulated [201]. In unstressed cells, σ24 is tethered to the cytoplasmic mem-
brane via the anti-σ factor RseA (regulator of sigma E) and thus not active.
The presence of misfolded proteins in the E. coli periplasm triggers a cascade
that involves several proteolytic events [201]. First, the protease DegS cleaves
RseA on the periplasmic side of the membrane. RseA is further cleaved by
RseP, which results in release of the cytoplasmic, σ24 bound domain into the
cytoplasm. Degradation of the cytoplasmic domain of RseA by the ClpXP
protease leads to release of σ24, which now can associate with the RNAP core
enzyme and change its promoter specificity.

The σ24 regulon consists of a variety of proteins and small RNAs (e.g., [219;
220]). Amongst the proteins whose genes are part of the σ24 regulon is the
periplasmic protease and chaperone DegP, the chaperones FkpA, Skp, and
SurA, and the disulfide bond isomerase DsbC, but also other components that
play a role in multiple cellular pathways and are not exclusively linked to pro-
tein folding and quality control in the cell envelope [220–223]). Also, rpoH is
part of the σ24 regulon, as is the rpoE operon itself [222; 224–226].

6.2.2 The CpxAR response

The CpxA/CpxR two-component-system is another important instance that
guards the integrity of the cell envelope and responds to the presence of un-
folded (misfolded) proteins [222; 227]. CpxA is a sensor histidine kinase in the
cytoplasmic membrane, which is inhibited by the periplasmic protein CpxP.
When misfolded proteins accumulate in the periplasm, CpxP binds to them
and can no longer inhibit CpxA. Subsequently, CpxA is autophosphorylated
at a conserved histidine residue in its cytoplasmic domain. This phosphate is
transferred to the response regulator CpxR, which then acts as a transcriptional
activator [228; 229]. CpxAR enhance the transcription of numerous genes, in-
cluding those encoding DegP, the periplasmic disulfide isomerase DsbA, and
σ32. For an overview on CpxAR regulated genes see [230]. CpxAR acts
also on its own promoter as well as on the promoter of CpxP [228; 231].
CpxAR can even function as negative regulator of transcription, as seen, e.g.,
for rpoE [230].

24



7 Energy demands of protein biogenesis

The biogenesis of proteins is not only complex, but it is also energetically de-
manding. Even if only the most basic requirements – the steps involved in
synthesizing a polypeptide chain – are considered, protein biogenesis requires
charging tRNA with the correct amino-acid, initiating translation, elongating
the polypeptide chain, and, finally, translation termination [18]. It has been
estimated that the biosynthesis of a single polypeptide chain requires the en-
ergy from the hydrolysis of four energy-rich phosphate bonds (ATP or GTP)
per amino-acid [232]. This does not take into consideration the energy that
might be required for folding and refolding, potential targeting and transloca-
tion events, or degradation. Intriguingly, a recent study suggests that re-folding
a protein may be much more favourable than degrading and re-synthesizing it.
For DnaK-mediated refolding, five molecules of ATP (that drive unfolding)
were sufficient to allow an artificially misfolded substrate (firefly luciferase)
to adopt a functional conformation [233]. Nevertheless, the production of a
protein requires a lot of energy. This is an aspect that is particularly important
in the light of the next chapter - the production of proteins in E. coli.
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Protein production

The main aim of my Ph.D. studies was to understand what hampers the pro-
duction of MPs and secretory proteins in E. coli, and to use this knowledge to
improve the production of these two classes of proteins. But why do proteins
need to be produced and why do we use E. coli for that purpose? Proteins
are essential for all organisms. To understand how these important molecules
work, their structure and function needs to be studied, which most often neces-
sitates their isolation. However, the natural abundance of most proteins is too
low to obtain sufficient quantities for structural and functional studies directly
from the host organism. Also, isolation from natural sources is often not pos-
sible. Therefore proteins need to be produced. E. coli is a convenient organism
for the production of proteins – it is easy to handle, fast-growing and relatively
cheap to cultivate. In addition, it is genetically accessible and a wide range of
genetic tools are available. For the vast majority of my studies I used the E.
coli strain BL21(DE3) or derivatives thereof, which will be described in the
next section.

8 The protein production strain BL21(DE3)

BL21(DE3) and its derivatives are particularly suited for the purpose of protein
production as they lack two major proteases, the outer membrane protease
OmpT and the cytoplasmic protease Lon. Both proteases have been shown to
interfere with protein production and isolation (e.g., [234; 235]).

BL21(DE3) was developed by Studier and colleagues for the production of
soluble proteins [236]. ’DE3’ denotes a prophage which has been integrated
into the genome of BL21. The prophage sequence contains the gene of the
T7 RNAP governed by the lacUV5 promoter. The gene encoding the protein
of interest is provided on a plasmid under the control of a T7-based promoter.
The addition of inducer (lactose or its non-hydrolysable analogue isopropyl-β -
D-thiogalactoside (IPTG)) initiates transcription of the T7 RNAP-gene. Sub-
sequently, the T7 RNAP transcribes the target gene (see figure 6).

The lacUV5 promoter [237] is derived from the well-known lac promoter
and, consequently, shares the same basic features (see figure 6). lac promoters
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consist of the -35/-10 region, three operator sites, and a binding site for the
cAMP-receptor-protein CRP. As mentioned previously, transcription of genes
that are under the control of a lac promoter is induced by lactose or its ana-
logues, like IPTG. In the absence of inducer, the lac inhibitor (LacI) binds
to up to two operator sites which results in a loop-like DNA-structure and
prevents RNAP-binding [238; 239]. The addition of inducer releases LacI
from the operator sites, which allows RNAP to transcribe any gene placed
downstream of the lac promoter/operator region [238]. The lacUV5 promoter
exhibits four single point mutations as compared to the wild-type promoter.
These are located in the promoter (-10) and operator (O1) region as well as
in the CRP-binding site. The mutations are thought to increase efficiency of
DNAP binding and to make the promoter less sensitive to glucose catabolite re-
pression [237; 240]. Thus, the lacUV5 promoter represents a stronger variant
of the lacWT promoter.

The combination of the strong lacUV5 promoter and the T7 RNAP, which
transcribes eight times faster as compared to E. coli RNAP [241] and targets
only the promoter in front of the target gene, makes BL21(DE3) a power-
ful tool for the production of proteins. However, this system often suffers
from leakiness (i.e., background transcription of the target gene prior to induc-
tion), due to imperfect repression of the lacUV5 promoter. Since even small
amounts of T7 RNAP can be troublesome when the expression of a given gene
is toxic to E. coli, additional levels of control are often provided. For the ex-
periments that are presented in paper I-III, the target gene was placed under
the control of a T7lac-hybrid promoter containing the lacO1 operator that can
be bound by LacI. To further improve repression, an additional copy of lacI
was provided on the expression vector. Note that the pOGCP-plasmid used
by [242] and in paper IV employs a T7 promoter and does not harbour lacI.
Background levels of T7 RNAP can also be inhibited by its natural inhibitor,
T7 lysozyme, supplied from a separate plasmid, e.g., pLysS and pLysE [243].
In paper I, we describe the development of Lemo21(DE3). Lemo21(DE3) is a
BL21(DE3) derivative that carries the gene encoding T7 lysozyme under con-
trol of a rhamnose-inducible promoter. In contrast to pLysS and pLysE, the
amounts of T7 lysozyme in Lemo21(DE3) can be precisely set by the addition
of rhamnose. In the next section, I will therefore briefly discuss the rhamnose
promoter, rhaBAD.

9 The rhaBAD promoter

The use of the rhaBAD promoter system for protein production was introduced
by Giacalone et al. [244]. In the presence of L-rhamnose, the transcriptional
regulator RhaR activates transcription of RhaS and RhaR [245; 246]. RhaS
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Figure 6: A Comparison of the lacWT- and the lacUV5 promoter. The binding
sites for CRP-cAMP and the RNAP (-35/-10) and the transcription start site (+1)
are indicated. * denotes sequence differences between the two promoters. B and
C Schematic representation of the E. coli lac and rha operons in their induced
state. B The addition of lactose results in dissociation of LacI from the operator
(O) sites, allowing RNAP to transcribe the genes encoded by the lac operon. C
Addition of rhamnose induced expression of rhaS (and rhaR). RhaS activates
the transcription of genes encoded by the rhaBAD operon. Binding sites for
regulatory elements are depicted as dotted lines. Red lines indicate the -35/-
10 regions. Both the lac and the rhaBAD promoter are subject to CRP-cAMP-
mediated catabolite repression D Schematic representation of the basic elements
involved in protein production in BL21(DE3). For a detailed description see
sections 8 and 9.
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binds to the rhaBAD and rhaT promoters, controlling expression of genes
involved in rhamnose metabolism and uptake, respectively (see figure 6). Ex-
cess amounts of RhaS down-regulate the expression of rhaS and rhaR [246].
Thus, RhaS can act both as transcriptional activator and repressor. Just as the
lac operon, the rha operon is susceptible to glucose catabolite repression. Effi-
cient regulation of the rhaBAD promoter system appears to rely on an intricate
interplay of CRP-cAMP, RhaS, and RhaR [245; 246]. One major advantage
of this system is that the addition of increasing amounts of inducer leads to a
gradual increase in the level of transcription, whereas lac promoters are hardly
titratable but appear to operate in an on/off mechanism [244].

10 The production of membrane proteins

The hydrophobic nature of MPs makes them rather difficult targets for pro-
duction. MPs can be produced in inclusion bodies in the E. coli cytoplasm,
from which they can be extracted and, subsequently, refolded. Even though
this option seems straightforward, reports about MPs that have been recovered
successfully from inclusion bodies are the exception rather than the rule [247].
Alternatively, MPs can be produced such that they integrate into the membrane
(in a lipid-soluble form), from which they can be isolated. There are numerous
examples of the successful extraction of MPs using detergents. Therefore, pro-
duction of MPs in the membrane appears to be the method of choice. However,
the production of MPs in the membrane may be toxic to the host (see section
10.1), which reduces protein production yields. In addition, it has been sug-
gested that the available space in the E. coli membrane can be yield-limiting
(e.g., [247]).

There can also be restrictions linked to the target gene or the protein itself,
for example instability of the mRNA encoding the MP, or instability of the
MP itself in the production host or during the isolation process. Heterologous
MPs may lack a targeting/insertion signal that can be recognized by the E. coli
MP biogenesis machinery, and the lipid composition of the E. coli membrane
may differ significantly from the one of the organism whose MP should be
produced, which can affect levels of a target MP. These examples illustrate
that the production of MPs in E. coli may suffer from various drawbacks. In
the next sections, I will give a brief overview over the topics most relevant
for my studies; the consequences of MP production and measures taken to
improve MP yields. For a comprehensive review on improving the production
of proteins in general (including MPs), see, e.g., [248].
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10.1 Consequences of membrane protein production

The production of MP can have consequences that are negative for the produc-
tion host that may be attributed to intrinsic properties of the produced protein
itself (e.g., [249]) or to side-effects of the production process. Several studies
have addressed the latter point in great detail. Wagner et al. observed that
the high-level production of homologous MPs has a severe negative impact on
E. coli [149]. Inclusion bodies, containing amongst others the target MP and
the precursor form of several secretory proteins, formed in the cytoplasm and
sequestered cytoplasmic chaperones like DnaKJ and GroEL/ES as well as pro-
teases. Accumulation levels of various MPs and MP-complexes were greatly
reduced, in particular those of proteins of the respiratory chain. The latter re-
sulted in an E. coli metabolism rewired toward energy conversion via the less
efficient acetate-Pta-pathway, which is a particular concern in the light of the
previously discussed energy requirements for the synthesis of proteins (section
7). In addition, the production of MPs induced the heat shock response. Based
on these results it was proposed that the high-level production of MPs may
saturate the capacity of the protein biogenesis machinery at the level of the
Sec-translocon [149]. A later study noted that the production of heterologous
proteins, as exemplified by the human KDEL-receptor, results in surprisingly
similar effects, even though the production levels of the target protein in this
study were markedly lower [250].

The production of the Cannabinoid receptor CB1, a G-protein coupled re-
ceptor (GPCR), or the E. coli AAA+ protease FtsH led to an increased activ-
ity from some – but not all – promoters of genes belonging to the σ32 and
σ24 regulon [251]. Thus, the production of MPs resulted in an increased ex-
pression of stress-regulated genes, which is in agreement with results obtained
previously [149; 250]. Interestingly, the mechanisms underlying this induction
appeared to differ depending on the target MP [251].

Gubellini et al. investigated the consequences of the production of soluble
proteins and MPs [252]. The authors concluded that there appears to be no
general obstacle for the production of MPs, but rather that the success or failure
of such an undertaking is determined by the target protein itself, which contra-
dicts the main conclusion from previous studies [149; 251]. Notably, there is
also some overlap between the different studies in the sense that MP produc-
tion induces certain stress responses that can be linked to either a cytoplasmic
heat shock response or a compromised cell envelope. Also, both Wagner et al.
and Gubellini et al. observed stress responses upon the production of soluble
proteins, albeit these were less pronounced [149; 252].

Unfortunately, it is impossible to directly compare the studies described
above due to fundamental differences in the experimental setup (e.g., strain
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background, expression systems, and production conditions). In either case
these studies demonstrate that MP production can be detrimental to the host.

11 Improving membrane protein production

Different approaches have been employed to improve MP production yields,
including the modification of the culture or induction conditions, varying strain
backgrounds, plasmids, and promoter systems, isolating or engineering strains,
and engineering the gene encoding the MP of interest. In the next sections
I will present a selection of the most recent advances. The use of cell-free
expression systems will be discussed in section 14.

11.1 Modifying culture conditions

The most straightforward way to improve the production of MPs in E. coli
is to modify the culture conditions, e.g., temperature, composition of growth
medium, or the feeding method (batch versus fed-batch).

Temperature appears to be one of the prime points of optimization. Of-
ten, cultures are shifted to temperatures well below 37◦C upon, or prior to,
addition of inducer to increase protein yields (e.g., [253–256]). Lowering the
temperature during the production process may also improve the amount of
membrane integrated material rather than increasing the total amount of pro-
tein produced [257]. This observation is consistent with the idea that decreas-
ing the cultivation temperature reduces the burden of MP production on the
cell by decelerating transcription and/or translation. Increased levels of certain
chaperones at low temperatures due to the E. coli cold shock response may
also be beneficial [256; 258].

Further, the composition of the growth medium can have a profound in-
fluence on the production process by, e.g., supporting high density growth
and/or modulating the expression kinetics/levels of the gene encoding the MP
(e.g., [256; 259]). Interestingly, Weiss and Grisshammer noted that addition of
glucose to a culture producing the human Adenosine A2a receptor increased
not only cell density but, at the same time, the number of functional recep-
tors per cell [260]. Even though an explanation for this phenomenon was not
provided it is tempting to speculate that the presence of glucose in the cul-
ture medium may have reduced the initial rate of transcription from the lac
promoter based expression vector employed in this study.
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11.2 Using mutant strains

It is probably safe to say that amongst the most successful approaches to im-
prove the production of difficult targets in E. coli is the isolation of C41(DE3)
and C43(DE3) from BL21(DE3) [242], given the widespread use and superi-
ority of these strains (e.g., [242; 261]). These strains are commonly referred to
as the Walker strains.

C41(DE3) is a direct derivative of BL21(DE3). This strain was isolated
based on its ability to tolerate the production of the bovine oxoglutarate malate
carrier protein (OGCP) (figure 8). Briefly, BL21(DE3) was transformed with
a plasmid harbouring ogcp under control of a T7 promoter. The expression of
ogcp following induction with IPTG is toxic to BL21(DE3) ([242] and paper
IV). Expression of ogcp was induced with IPTG in liquid culture and cells
surviving this induction were selected for on an agar plate containing IPTG.
A colony that still produced OGCP was cured from the plasmid and, upon re-
transformation, again analyzed for its ability to produce OGCP. This procedure
resulted in the isolation of C41(DE3). C43(DE3) was isolated from C41(DE3)
for its ability to produce the E. coli FoF1ATPase subunit b.

C41(DE3) and C43(DE3) are able to produce a variety of difficult to pro-
duce proteins (both membrane and soluble) to high levels [242; 261]. Given
their improved ability to produce otherwise toxic proteins due to unknown mu-
tations, the Walker strains were ideally suited to investigate which factors can
improve or hamper protein production. In agreement with previous sugges-
tions [242], we were able to show that the main mutations responsible for the
improved performance of the Walker strains weaken the lacUV5 promoter that
controls expression of the T7 RNAP. This notion led to the development of
Lemo21(DE3) (see section 8 and paper I).

The screen performed by Miroux and Walker was designed to improve
yields of toxic proteins and the occurrence of mutations was not actively facil-
itated. In contrast, a later study sought to isolate E. coli strains that are gener-
ally improved in their ability to produce MPs, independent of if the production
was toxic or merely inefficient. The accumulation of mutations was facili-
tated by chemical mutagenesis or by using a strain harbouring a proofreading-
deficient version of DNAP III. The screen yielded several promising mutants,
even though the nature of the mutation(s) remains unknown. However, it was
speculated that, for one of the mutants, a decrease in plasmid copy number and
the resulting decreased load on the protein biogenesis machinery of the host
might be partially responsible for the increase in MP production levels [262].
This is in agreement with the observations presented in paper I.
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11.3 Co-production of biogenesis factors

The co-production of factors that have been linked to the biogenesis of MPs
appears to be another promising venue to improve MP levels in E. coli.

The levels of membrane-integrated CorA, an E. coli magnesium trans-
porter, increased markedly when DnaK and DnaJ were co-produced [257].
Intriguingly, CorA could be produced at high levels even in the absence of
additional chaperones, but the vast majority accumulated in inclusion bodies
instead of being integrated into the membrane. Co-production of the chap-
erone system GroEL/ES only modestly increased the amount of membrane-
integrated CorA, whereas co-production of SRP, SecA, and SecB had a nega-
tive effect on CorA-levels. The authors argue that, given the large N-terminal
extension of CorA (235 amino-acids) prior to the first TM it is likely that this
transporter is targeted to the membrane in a post- rather than a co-translational
fashion. Thus, increased levels of the DnaKJ chaperone system might be re-
quired to keep CorA in a translocation-competent state [257].

A later study analyzed how the production of human GPCRs, amongst
them the aforementioned CB1, is affected upon co-production of Ffh, the 4.5S
RNA of SRP, FtsY, SecYE, the chaperones DnaKJ, SecB, GroEL/ES, and TF
and FtsH [255]. Co-production of FtsH resulted in the most pronounced in-
crease in levels of two GPCRs. However, the increase in levels did not corre-
spond to an increase in active receptor, since only a modest increase in activity
was detected for one target. The authors suggest that the positive effect on the
target protein levels requires the protease activity of FtsH and that FtsH co-
production may alter the lipid composition of the cell [255]. In a later study it
was proposed that the co-production of FtsH ’primes’ the cell for the produc-
tion of the GPCRs, thereby improving their levels [251].

Finally, co-production of the established MP integrase and foldase YidC
increased the amount of membrane-integrated target protein in a protein-depen-
dent manner [263].

It is unfortunately not possible to predict if MP production levels can be
improved by the co-production of biogenesis factors and which factors are the
most promising ones. In addition, it should be kept in mind that, just as it has
been shown for the production of soluble proteins [264], the co-production of
biogenesis factors can also have negative consequences or be without effect as
indicated above. Considering the finely regulated MP biogenesis machinery,
care should be taken when selectively increasing the amounts of one of the
components involved as to not upset this balanced system.
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11.4 Screening for factors improving membrane protein production

In addition to the co-production of factors that have an established role in
the biogenesis of MPs, screens have been conducted to identify genes that,
upon co-expression, improve production levels of MPs in E. coli. ybaB (en-
coding a putative DNA-binding protein) was identified as one such gene. Its
co-expression led to a pronounced increase in the production levels of several
MPs [265]. For one of the targets, insertion into the membrane was demon-
strated. ybaB is part of the σ24 regulon, which responds to the presence of
mis-folded proteins [217] (see section 6.2.1). Thus, it is possible that YbaB
may be involved in MP quality control [265]. Unfortunately, it is not clear if
the production of the MPs in this study caused any kind of folding stress.

Also co-expression of nagD (encoding a ribonucleotide phosphatase), a
truncated version of nlpD (encoding a predicted lipoprotein), and the ptsN-
yhbJ-npr gene cluster (encoding proteins of the nitrogen phosphotransferase
system) increased production levels of properly folded GPCRs [254]. It was
shown that the production of the target GPCRs alone did – at most – give
rise to a very mild stress response, which is in agreement with the idea that
there is no general obstacle to the production of MPs [252]. In contrast, co-
production of NagD or NlpD (but not PtsN,YhbJ and Npr) induced expression
of some, but not all, genes that are part of the σ32 or envelope stress regulon
(σ24/CpxAR). The genes identified in this study, amongst them ftsH and degP,
overlap partially with the ones identified by Xu and Link [251]. In agreement
with the suggestions from this study, it was speculated that one of the ways by
which the co-production of NagD and NlpD improves the yields of properly
folded GPCRs is to prime the cells for the production of MPs [254].

11.5 Screening for factors that hamper membrane protein production

In addition to factors that improve the production of MPs, it is conceivable that
there are also factors that interfere with the successful production of a given
MP. Several screens have been conducted to identify genes encoding such fac-
tors. For example, Skretas and Georgiou found that a disruption of the gene
encoding the DnaK co-chaperone DnaJ markedly increased production levels
of the GPCR CB1 [266]. The authors propose that, either, strong DnaJ-binding
to the nascent chain of CB1 interferes with SRP-binding and thus correct tar-
geting, leading to reduced levels or, alternatively, that CB1 is recognized as
a non-native target and degraded via DnaKJ. Disruption of two other genes,
nhaR (encoding a transcription factor) and dinG (encoding a DNA-damage in-
ducible helicase), was also beneficial, even though the improvement was less
pronounced. Notably, the increase in CB1 levels coincided with an increase
in biomass. This indicates that disruption of the aforementioned genes at least
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partially alleviated the toxic effects of the production process [266].
Studies by Nannenga and Baneyx show that the deletion of the gene encod-

ing TF improved levels of functional, membrane-integrated protein for one E.
coli MP and two archeal bacteriorhodopsins [263]. The effects were attributed
to a more efficient binding of the targeting factor SRP to the polypeptide chain
in the absence of TF. Interestingly, SRP-co-production did not affect levels
of the E. coli MP or – in the case of the rhodopsins – even decreased MP
levels in the membrane. The explanation favoured by the authors is that a dis-
proportional increase in targeting factors shifts the production bottleneck from
targeting to membrane insertion due to a limited Sec-translocon capacity [263].

It has also been suggested that high levels of acetate may hamper the pro-
duction of MPs in E. coli, since MP protein production could be improved by
using E. coli-K derived mutant strains that were impaired in their ability to take
up glucose, and showed a reduced production of acetate [267]. Interestingly,
BL21(DE3), that was included in this study and is known to accumulate lower
levels of acetate [268], could compete with the mutant strains in terms of MP
levels.

11.6 Modifying the gene encoding the target protein

As indicated above, limitations for the production of a given MP may be linked
to the protein itself or the sequence of the gene encoding it. Modifying the
gene encoding the target MP may help to overcome these limitations. The next
sections will provide a brief overview of those modifications that have been
used to improve MP production levels.

11.6.1 Fusion partners and tags

It should be noted that the presence of a fusion partner or a small affinity tag
may serve purposes other than enhancing the levels of a given target protein.
Small affinity tags or fusion partners are employed to facilitate detection and
purification of a MP or to probe its topology and, thus, correct insertion into
the membrane (see below). Fusion partners have also been used in screens
aimed at the isolation of strains that are improved in their ability to produce
MPs to rapidly identify promising mutants [262] and for the identification of
factors hampering or improving MP production [254; 255; 265; 266].

There are several aspects that one ought to consider before deciding to
equip a MP with a tag or fusion partner, irrespective of the purpose. Fusion
partners are frequently attached to the N- or the C-terminus of a MP. Since
the information initiating targeting and insertion is located in the N-terminus it
must be ascertained that modifying it does not interfere with these steps. The
activity of a fusion partner might be specific to a certain compartment and thus
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allow detection of protein levels only when localized correctly. It has also been
shown that certain tags can interfere with the ability of a protein to obtain its
native fold or hamper activity (e.g., [269]). Below, I will give a brief overview
of the most frequently employed fusion partners, with a specific focus on those
that have been used for the purpose of improving protein production.

N-terminal fusions

Maltose binding protein (MBP), fused to the N-terminus of a target MP, has
been successfully used to improve MP production levels. This approach should
be particularly promising when trying to produce heterologous MPs that do
not possess targeting signals recognized by the E. coli targeting factors. Full-
length MBP has first been employed by Grisshammer and coworkers, who
could improve production levels of the rat neurotensin receptor (NTR) 1 40fold
[253]. In addition to a role in targeting, MBP may also enhance the solubility
of a protein, as demonstrated for soluble proteins [270]. Notably, MBP utilizes
the post-translational targeting pathway.

In contrast, the so-called P8CBD-tag utilizes the co-translational SRP-
pathway [271]. This tag combines the M13 phage major coat protein with
one TM of E. coli Lep to ensure efficient membrane targeting and insertion of
the fusion protein and was successfully used for the production of functional
YidC from Thermatoga maritimum in E. coli.

Mistic, a small, highly hydrophobic protein from B. subtillis, facilitated
membrane integration of heterologous MPs in E. coli when fused to their N-
terminus [272]. The ability of Mistic to associate tightly with the E. coli cy-
toplasmic membrane was shown to be crucial for its role in supporting the
production of membrane-integrated proteins, a notion that was reinforced by a
later study [273]. Nonetheless, it should be noted that the presence of Mistic
may also interfere with the activity of its fusion partner, thus necessitating the
removal of the tag prior to activity measurements [269].

Recently, bacteriorhodopsin has been used as an N-terminal fusion part-
ner to improve yields of two E. coli MPs [274]. The spectral properties of
bacteriorhodopsin allow to closely following the production process. In ad-
dition, bacteriorhodopsin may facilitate targeting of the fusion partner to the
membrane.

Finally, β -lactamase (Bla) has been utilized to probe the correct topology
of MPs in screens aiming to identify components that enhance the levels of
GPCRs [254; 265]. In these screens, Bla was equipped with a DsbA-signal
sequence. Bla confers resistance to ampicillin (amp) when translocated across
the bacterial membrane. It should be noted that Bla itself has not been shown
to improve MP levels so far. However, based on the results obtained with MBP,
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it is conceivable that also Bla itself can aid the production of MPs.

C-terminal fusions

GFP fused to the C-terminus of MPs has, e.g., been used to determine the
topology of E. coli MPs (pioneered by [275]), to assess levels and proper mem-
brane integration of fusion proteins when attempting to improve their produc-
tion (e.g., [266]), and to monitor the quantity and quality of proteins during
production and isolation (e.g., [276]). Due to its fluorescent properties the
GFP-moiety can easily be monitored in whole cells. Since properly folded,
fluorescent GFP does not denature when exposed to low amounts of detergent
(e.g., SDS) at physiological temperatures, the integrity of MP-GFP-fusions
can be visualized in an SDS-gel. Geertsma et al. described the use of GFP as
an indicator for membrane insertion using SDS-PAGE/Immunoblotting [277],
an application that has been crucial for the results presented in paper II. One
of the major drawbacks of GFP is that most variants, with the notable ex-
ception of super-folder (SF)GFP [278], do not fold properly in the E. coli
periplasm. Therefore, the use of GFP has originally been restricted to MPs
whose C-terminus is located in the cytoplasm. This limitation can be over-
come by introducing an additional TM at the C-terminus of MPs with a Cout

topology [279].
Also, thioredoxin has been utilized as a C-terminal fusion partner to en-

hanced yields of MBP-NTR-fusions. It was suggested that this enhancement
most likely is due to a stabilizing effect of thioredoxin on the fusion pro-
tein, since thioredoxin displays a very compact fold and cannot easily be de-
graded [280].

11.6.2 Modifying the coding sequence

Modifying the sequence of the gene encoding a target protein is an established
tool to improve the production of (heterologous) MPs. The coding sequence
can be modified such that it leaves the amino-acid sequence unaltered (syn-
onymous base exchange) or that it leads to exchange of amino-acids (non-
synonymous base exchange). Also deletions of parts of the coding sequence
are possible. Here, I will briefly describe the most basic approaches, as this
specific aspect has not been a major part of my studies.

One way to improve final protein yields is to create protein versions that
exhibit enhanced thermostability. ’Enhanced thermostability’ describes an in-
creased resistance of a protein towards thermal denaturation, which can be
crucial for their successful purification especially if proteins are unstable at
ambient temperatures. This demonstrates that modifying the coding sequence
not necessarily leads to improved MP production levels in E. coli, but may
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also improve yields due to enhanced stability upon extraction from the pro-
duction host. In 2000, Zhou and Bowie demonstrated that it is possible to
create mutant versions of a MP with improved thermostability using E. coli
diacylglycerol kinase as a target [281]. Several publications report the use
of alanine- or alanine-leucine scanning to improve the thermostability of MPs
(e.g., [282; 283]). In this method, the amino-acids of a target protein are substi-
tuted one by one by alanine (or leucine), and the different versions are probed
for enhanced thermostability. However, it is not described how the substitu-
tions affected the levels of the improved variants upon production in E. coli.

The gene encoding rat NTR was mutated using error-prone PCR, in or-
der to create variants of the MP that were produced at higher levels in E. coli
and displayed increased stability in the detergent-solubilized state [284]. It
was hypothesized that the major cause for the improved production levels in
E. coli were improvements in co-translational folding and membrane inser-
tion. Schlinkmann et al. conducted an exhaustive screen where they tested the
combinatorial effects of various mutations on the production of NTR1 vari-
ants [285]. This resulted in protein variants that could be produced at high
levels and were stable in various detergents. Production levels could be further
improved by expressing the genes encoding these NTR1-variants from a high-
copy number plasmid. This suggests that these variants decreased the demands
of the high-level production of MPs on the cells MP biogenesis machinery,
supposedly due to superior insertion- and folding characteristics [285]. Inter-
estingly, this indicates that high-level production of MPs must not essentially
saturate the MP biogenesis machinery of E. coli if the MP of interest exhibits
favourable features, and may help to explain why the expression of some, but
not all, genes encoding a MP must be regulated in order to achieve high yields
and circumvent toxicity towards E. coli (see, e.g., paper I). It should be noted
that the NTR1 receptors and variants thereof used by [284] and [285] were
fused to MBP at the N-terminus and to thioredoxin at the C-terminus.

In addition to changing the coding sequence per se, MP yields can be im-
proved by completely removing unfavourable regions, for example those that
reduce protein stability (e.g., [260]). It is also possible that heterologous pro-
teins possess extensive N-terminal extensions that interfere with targeting in
the production host, as shown for MPs produced in Lactococcus lactis [286].

Despite the documented success, there are drawbacks when modifying the
coding sequence of a gene to improve yields of a protein. The introduced
modifications may affect the function of the target proteins, which bears the
risk of analyzing a protein variant whose properties differ from the ones of the
wild-type. It is not always known how a certain mutation contributes to protein
production or stability. Especially when multiple mutations are present that are
not evaluated individually one cannot be sure that all mutations are beneficial.
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Finally, it should be kept in mind that manipulating the sequence of a gene
can have unpredictable consequences, ranging from mRNA stability to protein
folding issues (for a recent review see [287]).

11.6.3 Codon-optimization

One question that has not been addressed in the previous section is whether
one should use a gene that has been codon-optimized for expression in E. coli
or the un-optimized cDNA sequence when attempting to produce a (heterol-
ogous) MP. Several studies described during the previous sections report the
use of codon-optimized genes. But how necessary/useful is codon optimiza-
tion? It has been shown that already the selective alteration of the codon di-
rectly following the start codon in a gene can improve levels of homologous
proteins [288]. This indicates that, even for heterologous targets, optimizing
the entire coding sequence may not be necessary (or even counterproductive).
Independent of the alterations introduced, it should be kept in mind that, as
noted in the previous section, changing the sequence of a gene may interfere
with downstream processes. For example, changes that affect the translation
speed can interfere with protein folding and thus may negatively influence the
stability and function of a protein [287]. Particularly in the light of studies de-
scribing the saturation of the E. coli MP biogenesis machinery at too high ex-
pression levels of the gene encoding a MP, the general usefulness of increasing
translation efficiency by codon-optimization might be questioned. Thus, codon
optimization requires careful consideration and does not necessarily improve
MP levels but may just as well have the opposite effect.

12 The production of secretory proteins

Secretory proteins are proteins that are equipped with a signal sequence di-
recting them to the cytoplasmic membrane and beyond. For the sake of clarity,
from here on the term ’secretory proteins’ will be exclusively used for soluble
proteins that depend on the Sec-translocon for their translocation across the
cytoplasmic membrane. For other secretion pathways see, e.g., [289; 290].

There are several major reasons to produce soluble proteins in the periplasm
rather than in the cytoplasm. First, the oxidizing periplasm promotes the for-
mation of disulfide bonds (see section 5.4.1) which many proteins, like anti-
bodies or fragments thereof, require in order to become functional. In contrast,
the cytoplasm of E. coli is highly reducing and disulfide bond formation is dis-
favoured. Second, the periplasmic fraction can be released selectively without
releasing the contents of the cytoplasm. This should facilitate protein purifica-
tion given the lower amount of ’contaminating’ proteins in the released frac-
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tion. Also, it is thought that the proteolytic activity in the periplasm is lower as
compared to the one in the cytoplasm (e.g., [289; 290], but see section 12.4).

Secretory proteins do not necessarily remain in the periplasm but can be
released into the culture medium, from which they can be recovered (e.g., [289;
291; 292]). Since E. coli does not naturally secrete large amounts of proteins
into the medium, the use of mutants that show an increased permeability of the
outer membrane has proven beneficial [291]. It has also been demonstrated that
the capability of E. coli to secrete proteins into the medium can be influenced
by the cultivation conditions [292] (see section 12.5).

There is a wealth of information available on the production of secretory
proteins. In the next sections I will give a succinct overview of factors that
were most relevant to my studies.

12.1 Choosing a targeting signal

As indicated earlier, secretory proteins can be targeted to the Sec-translocon
via the co-translational, SRP-dependent pathway or the post-translational path-
way (see section 5.1). The signal sequence is the prime determinant for which
pathway is selected. Thus, one of the first considerations when deciding to
produce a (heterologous) protein in the E. coli periplasm is to select a signal
sequence.

Intuitively, a signal sequence targeting proteins to the membrane in a post-
translational manner might be a logical choice, given that the majority of secre-
tory proteins in E. coli are thought to utilize this pathway (e.g., [86]). However,
proteins that tend to fold rapidly and stably in the cytoplasm may not be com-
patible with post-translational export via the Sec-translocon [86; 87; 96]. Such
proteins ought to be equipped with a signal sequence funneling them into the
SRP-dependent, co-translational pathway. It should be noted that signal se-
quences promote export to varying extends even if they are destined for the
same pathway; a feature that may be determined by the protein that is to be
exported (e.g., [96]).

In some instances, signal peptides from heterologous organisms have been
shown to promote efficient export of secretory proteins in E. coli (e.g., [293]).
Instead of a signal sequence, also an entire secretory protein fused to the N-
terminus of a target protein has been used to obtain high production levels of
soluble proteins in the periplasm [294].

Unfortunately, only few studies are available that present a systematic
comparison of different signal sequences for the production of secretory pro-
teins [86; 96]. In either case, it does not seem to be possible to pinpoint the
’optimal’ signal sequence for a given target.
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12.2 Transcription and translation levels

Several studies show that the levels of transcription and translation can influ-
ence secretory protein production. Kadokura et al. investigated the effects of
high-level PhoA production on the protein secretion capacity of E. coli. High-
level production led to reduced accumulation levels of the mature forms of
PhoA, OmpA, and β -lactamase. In vitro translocation assays using inverted
membrane vesicles indicated that this was due to a defect in secretion capac-
ity at the level of the membrane. It should be noted that, for unknown rea-
sons, an increase in OmpA-levels was observed upon high-level production of
PhoA [295].

Simmons and Yansuro designed a series of vectors with translation initi-
ation regions of varying strength and investigated the production of heterolo-
gous and homologous secretory proteins from these vectors in E. coli. They
demonstrated that ’the secretion of heterologous proteins in E. coli (into the
periplasm) can be significantly enhanced by manipulating the level of transla-
tion’ [296]. The amount of regulation necessary was protein dependent. Inter-
estingly, in contrast to data presented by Kadokura et al. [295], native E. coli
proteins were efficiently secreted even at high translation levels [296]. The re-
sults of these studies are in agreement with previous observations, namely, that
defects in growth and secretion in a secA mutant strain could be recovered by
reducing the rate of protein synthesis [297], and illustrate nicely that the rate
of protein synthesis should be balanced with the protein biogenesis/secretion
machinery of E. coli in order to avoid adverse effects.

The transcription of a gene encoding a (secretory) protein can be modu-
lated by, e.g., varying the copy number of the expression vector or the pro-
moter controlling target-gene expression (e.g., [298; 299]). In paper I of this
thesis, we present how transcription can be tuned by regulating the activity
of the polymerase transcribing the target gene. This approach was success-
fully employed for the production of secretory proteins (see paper III). Finally,
also the choice of the culture medium has been suggested as a way to balance
protein synthesis with the secretion capacity of E. coli (e.g., [293; 298]).

12.3 Co-producing folding catalysts and targeting components

Just as observed for MPs, secretory protein production may benefit from the
co-production of chaperones and folding catalysts (see section 5.4). Multi-
ple studies have demonstrated the potential of these proteins to enhance the
production of secretory proteins. The examples chosen below present only a
limited selection of these studies. Not surprisingly, disulfide-bonded proteins
have been shown to benefit from the co-production of components of the Dsb-
system (see section 5.4.1). For example, co-production of DsbA, B, C, and D
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markedly improved the amount of soluble, mature horseradish peroxidase in
the periplasm [300]. The production of DsbC along with human tissue-type
plasminogen activator (Pa) resulted in a pronounced increase in the yields of
active protein [301]. Human PA is an extraordinarily difficult target to produce
in the active form as it possesses 17 disulfide bonds. Thus, improvement upon
co-production of a disulfide bond isomerase appears logical. There are vari-
ous other examples where DsbC was the key contributor to improving protein
production levels (see, e.g., [302]).

Apart from components of the Dsb-system, also other periplasmic proteins
can be beneficial for the production of secretory proteins when co-produced,
like FkpA [303], Skp [304] and a combination of FkpA and SurA [305]. Based
on the notion that chaperones and folding catalysts can aid the production of
secretory proteins, a series of vectors (designated pTum), encoding different
combinations of these proteins, was developed that may aid the production of
secretory proteins [305].

Interestingly, it was reported that even the co-secretion of the cytoplasmic
co-chaperone DnaJ, equipped with an OmpA signal sequence, markedly im-
proved levels of a PA-variant, pro-insulin, and a scFv upon secretion into the
periplasm [306].

Finally, co-producing the cytosolic targeting component SRP gave rise to
higher levels of leech carboxypeptidase inhibitor in the medium when the pro-
tein was equipped with the SRP-dependent DsbA-signal sequence [307]. The
same study reports that the absence of the cysosolic chaperone TF was benefi-
cial for the production. The authors suggest that the absence of TF facilitates
SRP binding to the nascent chain and, consequently, targeting of the secretory
protein to the membrane. This contrasts results obtained for the production of
membrane proteins, where SRP co-production had a negative effect [263].

12.4 Protease-deficient strains

In some cases periplasmic proteases negatively affected production levels by
degrading the target protein (e.g., [294; 308]). This bottleneck can be over-
come by the use of protease-deficient strains [308; 309]. However, it should
be kept in mind that protease deficiency in combination with the production of
a secretory protein may lead to toxic effects, as was shown for DegP [310].

12.5 Cultivation conditions and additives

The composition of the culture medium has been shown to influence the pro-
duction levels of secretory proteins. Mergulhão et al. noted that secretion into
the periplasm was less efficient in LB-medium as compared to M9-minimal
medium [293; 298]. As indicated above, the improved secretion in minimal
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medium has been suggested to originate from a controlled cell-growth rate, at
which the expression level of the gene is in balance with the cells secretion ca-
pacity. Interestingly, Ukkonen et al. demonstrated that the choice of medium
and the cultivation conditions (here the oxygen transfer) not only influences
yields of secretory proteins in general but also the release of the protein from
the periplasm into the medium (e.g., [292]). In this study, highest yields could
be obtained by a restricted feed of glucose in an otherwise rich medium. The
high yields were attributed to an overall increase in biomass formation, rather
than to an increase in target protein levels per cell.

Finally, the addition of low molecular mass additives, like L-arginine and
sorbitol, has proven beneficial for the production of secretory proteins (e.g.,
[306; 311]). For disulfide-bonded proteins, the addition of reduced glutathione
(or another redox-active component) may increase protein production levels
(e.g., [302; 306]).

13 Disulfide bond formation in the cytoplasm

As an alternative to the production of soluble proteins in the periplasm, strains
have been engineered that allow and support the formation of disulfide bonds
in the cytoplasm [312–314]. The two most popular ones are ’Origami’ and
’SHuffle’. Both strains lack glutathione reductase and thioredoxin reductase,
which results in an oxidizing cytoplasm. In addition, SHuffle possesses a cyto-
plasmically localized variant of the disulfide bond isomerase DsbC to support
resolution of wrongly formed disulfide bonds. Even though these strains are
valuable tools for the production of disulfide bond containing proteins espe-
cially in cases where secretion across the membrane cannot be achieved, or
production in the periplasm is hampered by other factors, they still may suf-
fer from some of the drawbacks of protein production in the cytoplasm, e.g.,
cumbersome purification of the target protein from whole-cell extracts.

14 Protein production using cell-free systems

Given the impressive progress that has been made with cell-free expression
systems, especially with respect to MP production, it seems appropriate to
include a brief overview of these systems. Proteins can be produced in cell-
free systems based on lysates from different sources, including E. coli, wheat-
germs, rabbit reticulocytes, and yeast (e.g., [315–317]). Trials have even been
set up with systems based on HeLa-cells, a cell-line of human origin (e.g., [318]).
As alternative to cell lysates, systems have been established that are based upon
purified components [317; 319]. Cell-free systems come in two flavours; ei-
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ther as translation-only systems where the mRNA is provided, or as coupled
transcription/translation systems, that include the transcription of the gene of
interest.

The production of proteins in cell-free systems offers multiple advantages
compared to their production in whole cells [316; 317]. First and foremost,
yield-limiting toxicity of the production process is circumvented. Cell-free
systems are open systems that allow addition of components at virtually any
time during a proceeding reaction, including the addition of non-natural amino-
acids or low molecular mass additives that may stabilize the protein during the
production process [320]. Systems based on purified components are reduced
in complexity with respect to the number of different proteins are present,
which should facilitate the purification of the target protein from the reaction
mixture. If purified components are used, proteolytic degradation is circum-
vented. For the production of MPs in a soluble form, cell-free systems can be
supplemented with detergents, liposomes, nanodiscs, or other lipid-based or
lipid-mimicking structures that prevent aggregate formation [316; 321]. Even
proteins that require disulfide bonds have been successfully produced in cell-
free systems [322].

It should be kept in mind that the use of cell-free systems does not com-
pletely circumvent problems experienced with in-cell protein production. For
example, cell-free systems that are used for the heterologous production of
proteins will still suffer from drawbacks with respect to species-specific mod-
ifications like glycosylation [316]. Nonetheless, cell-free systems ought to be
considered a serious alternative to cell-based protein production.

15 Concluding remarks on protein production

The above mentioned studies and many others demonstrate that the amount
of protein produced in E. coli (independent of the protein’s final destination)
can be influenced by, e.g., the strain background, cultivation conditions, induc-
tion regimes, the co-production of chaperones and folding catalysts, and fusion
partners. This makes it difficult, if not impossible, to design a priori a strat-
egy that guarantees the highest yields of a given target protein. Consequently,
the optimal production conditions must still be largely determined by exhaus-
tive protein production screens. Alternatively, developing an understanding of
what hampers the production of different classes of proteins can provide a ba-
sis for the rational design of the production process, including the engineering
of strains (e.g., paper I).
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16 Making the connection between protein production and
genome evolution

Assuming that it is not obvious how such seemingly different topics are con-
nected it appears appropriate to provide a short explanation. As indicated dur-
ing the previous chapters, the starting point for my thesis was the characteri-
zation of the protein production strain C41(DE3), with the aim of identifying
mutations that make this strain so suitable for the production of many proteins.
During the course of this analysis it became apparent that C41(DE3) had not
only acquired mutations accounting for its improved protein production char-
acteristics, but, in addition, mutations that occurred in response to the culti-
vation conditions used during its isolation. Given that the isolation conditions
are well documented [242] we reasoned that C41(DE3) provides us with the
unique opportunity to gain insights into the evolution of a widely used strain
in response to various stresses under (controlled) laboratory conditions.
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Genome evolution

17 Mutations and evolution

One of the most famous sentences attributed to the biologist Monod is ’Any-
thing found to be true of E. coli must also be true of elephants’. This statement
may be used to explain why E. coli still is a favourite model organism to in-
vestigate various phenomena, amongst them the mechanisms underlying evo-
lution (e.g., [323]). It is widely accepted that ’mutation is the most important
driving force behind evolution’ [323]. ’Mutation’ is every sequence change
occurring in the basic genetic material of an organism (i.e., the chromosome
and extra-chromosomal elements). Mutations can arise for example due to
environmental insults that directly alter the structure of the DNA (like expo-
sure to UV-light or chemicals) followed by incorrect repair, by mistakes during
genome replication, recombination and the activity of mobile DNA-elements
(like insertion (IS) elements or transposons). Mutations occur to varying ex-
tents, ranging from the exchange of single bases to the deletion, insertion, or
rearrangement of large fragments of DNA. Whether a certain mutation is ben-
eficial, neutral, or detrimental is determined by the character and site of the
mutation and by the prevailing environmental conditions (e.g., [324]).

E. coli exhibits a rather low intrinsic mutation rate of approximately 10−9

to 10−11 per base per replication, most likely to minimize the risk of poten-
tially detrimental outcomes [325]. This can be attributed to the existence of
DNA-repair mechanisms and the high fidelity of E. coli DNAP III; the prime
polymerase for DNA replication [324; 325]. There are four more DNAPs in E.
coli; DNAP I, II, IV, and V. The activity of the different DNAPs during DNA
repair or basic replication has been linked to the occurrence of mutations. In
the next section, I will therefore briefly discuss the different E. coli DNAPs
and their potential impact on mutation rates.
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18 DNA polymerases and their effect on the mutation rate

As mentioned in the previous section, DNAP III is the prime polymerase for
DNA replication in E. coli, and with 17 subunits by far the most complex
one [325]. DNAP III possesses an intrinsic 3’-5’ exonuclease activity that
permits immediate correction of an incorrectly inserted base, accounting for
its high accuracy. DNAP I possesses both 3’-5’ and 5’-3’ exonuclease activity.
Amongst other functions it removes the RNA-primers that are required for
replication of the lagging strand, and closes the resulting gaps. It can also
participate in DNA-repair [325]. DNAP II resembles DNAP III in the sense
that it also possesses 3’-5’ exonuclease activity. It has been suggested that
DNAP II can substitute for DNAP III during replication, thus acting as ’back-
up’ for this essential polymerase. In addition, DNAP II also appears to have
an important role during repair of different DNA-damages [325].

Neither DNAP IV nor DNAP V has any reported exonuclease activity and,
consequently, both are prone to introduce mutations when replicating a DNA-
sequence. Nonetheless, these polymerases have an important role in replica-
tion when the integrity of the DNA is compromised, since they can synthesize
through DNA-damages that normally cause polymerase stalling [324; 325].
Experimental evidence suggests that DNAP IV activity preferably results in
frame-shift mutations, whereas DNAP V activity gives rise to base exchanges.
DNAP II, IV, and V are part of the SOS-regulon. The expression of genes in-
cluded in this regulon is induced upon extensive DNA-damage, as occurs for
example during exposure to UV-light [324].

19 Increasing the mutation rate in response to stress

There is increasing evidence that under conditions that are particularly chal-
lenging or even harmful to E. coli, mechanisms are induced that increase the
basic mutation rate. This phenomenon has been described as ’stress-induced’
mutagenesis [323]. For example, Cairns and Foster observed that a strain with
impaired ability to utilize lactose due to a frame-shift in a lacI-lacZ fusion
(Lac−) gave rise to mutant cells that were able to efficiently grow on medium
with lactose as sole carbon and energy source (Lac+) upon prolonged incuba-
tion [326]. A large fraction of the cells exhibited reverting frame-shift muta-
tions, which depended primarily on the induction of the error-prone DNAP IV,
and, probably, the presence of double-strand breaks [323; 326–328].

Another phenomenon, termed ’growth advantage during stationary phase’
(GASP), describes an increased mutation rate in stationary phase cells. Yeiser
et al. [329] demonstrated that the number of viable cells in cultures that were
starved for a prolonged period of time decreased markedly in the absence of
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DNAP II, IV, and V. Real time (RT) PCR performed after five days of cul-
tivation showed increased expression levels of the genes encoding DNAP II
and IV. Expression of recA, which is induced during SOS-response, was not
altered [329]. These results are intriguing as they suggest that replication by
error-prone polymerases is important under conditions that cells are likely to
experience in nature, like here, the deprivation of nutrients. In this respect it
should be noted that even under laboratory conditions cells may be exposed to
periods of starvation and, consequently, experience GASP. Part of the selection
procedure of C41(DE3) involved a prolonged (seven-day) incubation in liquid
culture without external supply of nutrients (see paper IV). Thus, it is tempt-
ing to speculate that parts of the mutations that occurred in the genome of this
strain can be linked to GASP.

20 IS-element mediated mutagenesis

Insertion sequences or IS-elements are mobile, genetic elements that have been
identified in most organisms. IS-elements are small as they most commonly
carry only the information necessary for their own transposition [330]. IS-
elements have been found in all E. coli genomes analyzed thus far, but their
types and distribution vary. For example, in BL21(DE3) there are 62 IS-
elements, whereas the genome of MG1655 only harbours 54. In addition,
there is little overlap in the numbers of a certain type of IS-elements and in
their distribution between these strains [2].

IS-elements can give rise to mutations simply by moving within the genome,
since they are able to re-locate by ’jumping’ out of one position and into an-
other or to move via replication intermediates [331]. It should be noted that
simple excision not linked to a transposition event has also been observed
(e.g., [332]). IS-elements can even cause the deletion of entire regions of
a genome. This was for example observed in cells of the E. coli B strain
REL606, which partially or entirely lost the genes required for ribose uptake
and catabolism (i.e., the rbs operon) when grown for a long time in medium
with glucose as sole carbon and energy source [333].

21 Concluding remarks on evolution and mutagenesis

The above sections cannot cover the number of experiments that have been
performed to study mutagenesis and evolution using E. coli. Nonetheless, they
demonstrate that there is a striking variability with respect to the underlying
mechanisms. Notably, many of these mechanisms appear to be conserved be-
tween different organisms. Given the generality of many of the underlying
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processes it seems that, in agreement with Monods statement, even studying a
’simple’ bacterium like E. coli can improve our understanding of such complex
processes like evolution.
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Summaries of papers I-IV

Paper I – Tuning Escherichia coli for membrane protein
production.

Background

The Walker strains C41(DE3) and C43(DE3) were isolated from BL21(DE3)
and are able to produce many difficult proteins, including membrane proteins,
at high levels. As in BL21(DE3), the expression of a given target gene is driven
by T7 RNAP, whose gene is located on the chromosome. The target gene is
introduced on an expression vector under control of a T7-based promoter. Ex-
pression of the gene encoding T7 RNAP is governed by the lacUV5 promoter,
which is a stronger variant of the lacWT promoter (see figure 6). Addition
of IPTG (or lactose) induces expression of the T7 RNAP-gene, and, subse-
quently, T7 RNAP transcribes the target gene. To understand why the Walker
strains perform better as compared to BL21(DE3) for the production of many
proteins, in particular MPs, we expressed a gene encoding a difficult target,
the membrane protein YidC C-terminally fused to GFP, in BL21(DE3) pLysS,
C41(DE3) and C43(DE3); and compared YidC-GFP production levels and the
cellular responses to the production. Note that BL21(DE3) pLysS was chosen
instead of BL21(DE3) to reduce the toxic effects that arise from background
expression of yidC-gfp prior to induction.

Results

In BL21(DE3) pLysS, YidC-GFP production levels were low. The production
of YidC-GFP in BL21(DE3) pLysS i) severely hampered growth, ii) led to in-
clusion body formation, and iii), increased levels of proteins whose genes are
part of the heat shock regulon (compare [149]). In the Walker strains, these ef-
fects still occurred but to a lesser extent, and YidC-GFP levels were markedly
higher. Interestingly, the onset of YidC-GFP production was much faster in
BL21(DE3) pLysS as compared to the Walker strains. This difference could
be attributed to mutations in the above described lacUV5 promoter: Three out
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Figure 7: The Lemo21(DE3)-strain. See summary paper I for more informa-
tion.

of the four bases that differentiate lacUV5 from lacWT were reverted to wild-
type, resulting in a weakened promoter and, subsequently, lower T7 RNAP
levels. But why should lower T7 RNAP levels give rise to higher levels of
YidC-GFP? Previous studies demonstrated that the high-level production of
membrane proteins can saturate the capacity of the Sec-translocon, which im-
pedes biomass formation [149]. A likely effect of lowering yidC-gfp expres-
sion levels is therefore a reduced load on the membrane protein biogenesis and
insertion machinery (in particular the Sec-translocon). This reduces the toxic
effects of membrane protein production, resulting in more biomass formation
and, consequently, higher final protein production levels.

To strengthen this conclusion, a strain was constructed where the activ-
ity, rather than the levels, of the T7 RNAP can be controlled via its natural
inhibitor, T7 lysozyme (see figure 7). To this end, the gene encoding T7
lysozyme was placed under control of the well-titratable rhaBAD promoter
on a plasmid designated pLemo. The plasmid was introduced into BL21(DE3)
and the resulting strain was termed Lemo21(DE3), the idea being that the more
rhamnose is added, the more T7 lysozyme is produced that can inhibit T7
RNAP, which should gradually reduce expression levels of yidC-gfp. Indeed,
increasing amounts of rhamnose increased biomass formation and reduced
toxic effects in Lemo21(DE3) cells producing YidC-GFP. In addition, vari-
ous other proteins could be produced in Lemo21(DE3) at levels approaching,
or even exceeding, those in the Walker strains. For proteins whose produc-
tion was toxic to BL21(DE3) but not to the Walker strains, higher amounts
of rhamnose were required to improve production in Lemo21(DE3). Notably,
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some proteins could be produced well in BL21(DE3) or in Lemo21(DE3) in
the absence or presence of low amounts of rhamnose, indicating that saturation
of the Sec-translocon does not always occur upon MP-production.

Conclusions

The characterization of the Walker strains C41(DE3) and C43(DE3) resulted in
the engineering of a BL21(DE3)-based protein production strain, Lemo21(DE3)
which is a valuable tool for the production of (membrane) proteins.

Paper II - Optimizing membrane protein overexpression in
the Escherichia coli strain Lemo21(DE3).

Background

In Paper I we have described the development of a BL21(DE3) based strain,
called Lemo21(DE3). In Lemo21(DE3) expression levels of a given target
gene can be precisely controlled by adding varying amount of rhamnose to
the culture medium. Here, we have studied how the production yields of a
given membrane protein are optimized in Lemo21(DE3), and investigated the
effects of cultivation conditions (e.g., temperature) to probe the versatility of
Lemo21(DE3) as a tool for membrane protein production.

Results

Increasing amounts of rhamnose resulted in increasing amounts of T7 lysozyme
which, in line with the results from paper I, alleviated the toxic effects of the
production of YidC-GFP and GltP-GFP in Lemo21(DE3). This is demon-
strated by, e.g., improved cell growth and decreasing levels of the inclusion
body binding proteins IbpA/B. Accordingly, levels of the MP-GFP fusions in-
creased.

At sub-optimal rhamnose concentrations, the majority of the MP-GFP fu-
sions existed in a non-fluorescent, aggregated form, which is in agreement with
the increased levels of IbpA/B under these conditions. Increasing concentra-
tions of rhamnose did not simply increase the production level of the two MP-
GFP-fusions but rather shifted the ratio of not properly membrane-inserted
MPs: properly inserted MPs towards the latter. Under conditions where the
production of YidC-GFP and GltP-GFP was toxic to Lemo21(DE3), there was
a high pressure to evade MP production, as demonstrated by the appearance
of non-producing sub-populations of cells in the absence of rhamnose. In con-
trast, almost all cells in a culture produced YidC-GFP when the toxicity was
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alleviated.
Our results show that YidC-GFP production levels reached at 37◦C were

markedly lower as compared to those reached at 30◦C. Lowering cultivation
temperature further (to 20◦C) did not increase production levels by much un-
der the conditions tested (batch cultivation). Notably, the concentration of
rhamnose needed to obtain optimal MP levels decreased with decreasing tem-
peratures. This agrees with the idea that a decrease in temperature reduces
the burden of MP-production on the E. coli MP-biogenesis machinery. Fi-
nally, optimizing the expression levels of gltP-gfp also increased the produc-
tion levels of functional GltP-GFP; and the MPs NhaA and MhpI produced in
Lemo21(DE3) were suitable for crystallization.

Conclusions

Our results indicate that, in Lemo21(DE3), tuning the expression levels of a
gene encoding a MP of interest optimizes MP production levels by modulating
the ratio of not properly membrane-inserted MP to properly inserted MP. This
is in agreement with a scenario where high-level expression of genes encoding
a membrane protein can lead to the saturation of the Sec-translocon, resulting
in accumulation of aggregates in the cytoplasm. Further, Lemo21(DE3) can be
used to optimize the production of MPs for functional and structural studies.

Paper III – Optimizing heterologous protein production in
the periplasm of E. coli by regulating gene expression lev-
els.

Background

Here, we explored how suitable Lemo21(DE3) is for the production of se-
cretory proteins. To this end, we used two proteins, SFGFP and the scFv
BL1, equipped with a DsbA-derived signal sequence. DsbA is targeted to the
periplasm via the co-translational, SRP-dependent pathway. SFGFP is a fast-
folding version of GFP that, in contrast to most GFP-variants, can fold into
its fluorescent form in the periplasm, which allows to quickly monitor protein
levels. The scFv BL1 was chosen for its ability to bind to β -galactosidase,
which provides a straightforward activity assay.

Results

In BL21(DE3) or in Lemo21(DE3) at sub-optimal rhamnose concentrations,
the production of secretory SFGFP and the scFv BL1 resulted in reduced cell
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growth and increased levels of IbpA/B. The toxicity accompanying the produc-
tion process could be reduced by adding increasing concentrations of rham-
nose. For secretory SFGFP, already low levels of rhamnose were sufficient
to significantly reduce toxicity and increase levels of SFGFP in the periplasm.
For the secretory scFv BL1 we show that, i) increasing concentrations of rham-
nose resulted in an increase of the mature form of the protein while the amount
of precursor decreases, ii) no precursor could be detected at optimal rhamnose
concentrations, iii) the mature form was localized in the periplasm, and, iv)
at least a portion of the protein produced at the optimal rhamnose concentra-
tion was able to bind to β -galactosidase and, consequently, active. Reduced
BL1 did not bind to β -galactosidase. Thus, under the conditions used in this
study the activity of this scFv required the presence of disulfide bonds. Size-
exclusion chromatography indicated homogeneity of the scFv BL1 upon pu-
rification.

Finally, we noted that the production of the two secretory proteins at high
gene expression levels (i.e., at sub-optimal rhamnose concentrations) not only
led to increasing levels of IbpA/B but also resulted in the accumulation of
the precursor form of OmpA and reduced levels of the mature forms of the
periplasmic proteins MBP and DegP, all of which are targeted to the Sec-
translocon in a post-translational manner. This suggests that the cell is im-
paired in its ability to translocate proteins across the cytoplasmic membrane,
which supports the model of insufficient Sec-translocon capacity.

Conclusions

Lemo21(DE3) is a valuable tool for the production of secretory proteins. In
this strain, expression levels of the genes encoding secretory proteins can be
tuned such that saturation of the Sec-translocon capacity is minimized and
production levels in the periplasm optimized. This is in keeping with previ-
ous studies showing that the production levels of periplasmic proteins can be
improved by varying the level of translation (see section 12).

Paper IV – Reconstructing the evolution of BL21 into C41
reveals rapid adaptability of a widely used E. coli strain.

Background

Our initial proteomics characterization C41(DE3) (see paper I) suggested that
the mutations in the lacUV5 promoter cannot represent the only difference to
BL21(DE3), but that other mutations must have occurred during the isolation
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Figure 8: The selection of C41(DE3) from BL21(DE3). To select for mutants
of the well-known protein production strain BL21(DE3) that are able to produce
’toxic’ proteins at high levels, the strain was transformed with a plasmid encoding
the bovine oxoglutarate-malate-carrier protein (pOGCP). pOGCP carried an amp
resistance marker. Expression of ogcp is toxic to BL21(DE3) ([242] and paper
IV). Expression of ogcp was induced in liquid culture by the addition of IPTG
and survivors of this induction were selected for on IPTG-containing agar-plates.
From this plate, a colony producing OGCP was selected and cured from pOGCP
by a seven-day incubation in rich medium in the absence of amp. The presence of
IPTG should facilitate plasmid loss. After seven days, a colony occurred that had
lost pOGCP and, upon re-transformation with the plasmid, retained the ability to
produce OGCP at high levels.

of this strain. When the complete genome sequence of BL21(DE3) became
available in 2009 [2], it became feasible to analyze the genome of C41(DE3).

Results

Mutations in four different regions in the genome of C41(DE3) relative to
BL21(DE3) could be attributed to the isolation of the strain. Changes in
the lacUV5 promoter region lead, as described above, to reduced levels of
T7 RNAP upon induction with IPTG as compared to BL21(DE3). A non-
synonymous point mutation in the gene encoding the sensor-histidine kinase
YehU appears to dramatically increase its activity. YehU regulates expression
of yjiY, a gene encoding a putative peptide transporter. The mutation in yehU
results in stronly elevated YjiY-levels.

BL21(DE3) is unable to grow on ribose only due to an IS-element in rbsD,
the first gene of the ribose operon. In C41(DE3), this IS-element is absent,
resulting in an intact rbsD open reading frame (orf). This enables C41(DE3)
to grow on ribose as sole carbon and energy source. Finally, a small deletion
in the gene encoding the dicarboxylate sensing histidine kinase DcuS allows
C41(DE3) to grow on C4-dicarboxylates, like succinate, malate and aspartate,
as sole carbon and energy source. Similar to rbsD, also dcuS is a pseudogene in
BL21(DE3), but its orf has been restored in C41(DE3) due to a small deletion.

The mutations weakening the lacUV5 promoter in C41(DE3) enabled this
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strain to survive the production of OGCP. We reasoned that the other mutations
may enable C41(DE3) to meet the elevated energy-, carbon-, and nitrogen-
demands of OGCP-synthesis. Surprisingly, the mutations affecting yehU, rbsD,
and dcuS did not alter OGCP production levels. Mimicking the selection pro-
cess (compare figure 8) revealed instead that at least the mutations affecting
rbsD and dcuS could be linked to the second step in selection process, i.e.,
the prolonged incubation of BL21(DE3) in a closed system with no external
supply of nutrients, rather than to the production of OGCP.

The mutations in the lacUV5 promoter were intriguing for two reasons:
First, we found that already prior to induction of ogcp expression (see figure
8), approximately 0.9% of the cells that contained pOGCP (i.e., were resis-
tant to amp) were able to form colonies in the presence of IPTG, a number
that increased to 77% 3 h after induction. This indicates rapid adaptation to
protein production stress. Second, out of the cells that were resistant to IPTG
and amp, almost all contained the same, weakening mutations in the lacUV5
promoter, i.e., had reverted to C41(DE3) in this position. Further experiments
demonstrated that the mutations in the lacUV5 promoter already could be se-
lected for as early as 5 h after transforming BL21(DE3) with pOGCP. The
occurrence of the mutations depended on the presence of the lacWT promoter
in BL21(DE3).

Conclusions

In this study we show that the mutations in the genome of C41(DE3) occurred
in a sequential manner during the selection of the strain. The lacUV5 promoter
reversion seems to be a prerequisite for BL21(DE3) to survive background
levels and the production of OGCP and can occur within a remarkably short
period of time. The mutations affecting rbsD, dcuS, and yehU were likely
selected for during the subsequent curing process, and allow C41(DE3) to uti-
lize an extended array of carbon-, energy-, and possibly nitrogen sources as
compared to BL21(DE3). Importantly, the dependency of the mutations in the
lacUV5 promoter on the lacWT promoter suggests a recombination-dependent
mechanism, that allows rapid adaptation to protein production stress.
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Outlook

The aim of this thesis was to further our understanding of what can hamper
the production of MPs and secretory proteins in E. coli and to find ways to
improve protein production levels, based on an in-depth analysis of two mutant
strains that are able to produce many ’difficult’ proteins. This analysis resulted
in the development of Lemo21(DE3), a strain that is very well suited for the
production of MPs and secretory proteins.

If the saturation of the Sec-translocon capacity is limiting to the production
of MPs and secretory proteins, Lemo21(DE3) is a highly valuable tool since it
allows to alleviate this bottleneck. However, based on the results presented in
papers I to III, and extensive research done by others, we realize that there are
other bottlenecks. Thus, Lemo21(DE3) may be seen as a starting point for the
development of strains that are even better suited for the production of MPs
and secretory proteins. It would be interesting to see if (functional) levels of
these proteins can be further improved by the controlled co-production of tar-
geting components, chaperones, and folding catalysts as described in sections
11 and 12. In addition, protease-deficient strains may be considered. How-
ever, particular care should be taken with such approaches as to not unbalance
protein homeostasis in E. coli. In this respect it should be noted that attempts
to improve levels of the secretory scFv BL1 (paper III) by using a TF deletion
mutant as described before [307] were not successful (unpublished results).

As it has been suggested that both the available space in the membrane
and in the periplasm may limit the levels of proteins that can be produced
in these compartments, measures may be considered that increase this space.
Membrane space could be improved by, e.g., inducing the formation of ad-
ditional membranes or the formation of cytoplasmic membrane vesicles (e.g.,
[334; 335]). The periplasmic space may be ’increased’ indirectly by support-
ing further secretion of the protein of interest into the culture medium. Careful
design of culture medium and the cultivation process, mutant strains with in-
creased outer membrane permeability, or the co-production of proteins induc-
ing or facilitating release into the medium may be employed to that end (e.g.,
[289; 291; 292; 336]).

Heterologous MPs, especially eukaryotic ones, appear to be particularly
challenging with respect to production, as exemplified by the relatively low
accumulation levels of TspA, TspB, and NTR in paper I even at the optimal
concentration of rhamnose in Lemo21(DE3) (see also section 11). The reasons
for this are not clear yet and require further research. Features like mRNA
structure and stability may be considered, as well as the requirement of spe-
cific folding assistants, differences in membrane composition, and enhanced
susceptibility to proteases in the heterologous production host etc. Unfortu-
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nately, the modulation of several of these factors require the specific engi-
neering of the target rather than allowing for a generic approach. An often
pursued option to improve production of heterologous (membrane) proteins is
to codon-optimize the gene of interest. However, as outlined before, this ap-
proach may suffer from various drawbacks (see section 11.6.3). In our hands,
codon-optimization has thus far not been successful, except for a minor im-
provement in protein production levels for one target (paper II and results not
shown). As an alternative to codon-optimization, the use of strains supplying
additional copies of rare codon tRNAs, as Rosetta(DE3), might be considered.

Finally, despite the benefits of E. coli for the production of proteins, for
some targets it may be necessary to select a different production host. Prefer-
ably, hosts should be considered that are more closely related to the organ-
ism whose protein ought to be produced than E. coli, in particular if post-
translational modifications, like glycosylation, are required. Notably, MPs
have been sucessfully produced in non-E. coli-based systems (e.g., [337–340]),
and eukaryotic systems are commonly used for the production of antibodies
(secretory proteins) (e.g., [341]).

A very successful venue to improve the production of proteins in E. coli
is the isolation of mutant strains, e.g., C41(DE3) [242]. In paper IV we have
demonstrated that the genotype of C41(DE3) reflects the stresses and condi-
tions prevailing during its isolation. The rate at which the mutations in the
lacUV5 promoter occurred, and at which they came to dominate the culture,
has consequences for the use of BL21(DE3) for the purpose of protein produc-
tion and for physiological studies, in particular when proteins are produced that
are ’toxic’ to E. coli. The levels of target proteins may be both negatively or
positively affected by mutations in the lacUV5 promoter, since a reduced gene
expression rate has been shown to be beneficial for the production of certain
proteins. However, if a study aims at investigating the physiological responses
of BL21(DE3) to the production of a given protein, the presence of a mixed
population with respect to the lacUV5 promoter certainly complicates the in-
terpretation of the obtained results. Importantly, our observations suggest that
the presence of multiple copies of a gene within the chromosome may allow
E. coli and other bacteria to adapt to certain conditions more rapidly than com-
monly anticipated. It will be interesting to investigate the precise mechanisms
underlying the identified mutations.

Taken together, I was able to improve protein production levels of MPs and
secretory proteins in E. coli and my work furthers our understanding of how
E. coli evolves in response to stress.
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Zusammenfassung

Alle Lebewesen bestehen aus Zellen. Der grundlegende Aufbau dieser Zellen ähnelt
sich, unabhängig davon, ob es sich um mehrzellige (zum Beispiel Menschen) oder ein-
zellige Organismen (zum Beispiel Kolibakterien) handelt. Das Zellinnere (Zytoplas-
ma) ist von einer oder mehreren Hüllen (Membranen) umgeben, die den geregelten
Ablauf von Prozessen innerhalb einer Zelle sowie den kontrollierten Austauch von
Substanzen und Informationen zwischen der Zelle und ihrer Umgebung ermöglichen.
Zellen sind aus einer Vielzahl unterschiedlicher Moleküle und Strukturen aufgebaut.
Eine Art dieser Moleküle sind Proteine, die sowohl als Bestandteil der Membranen
als auch des Zytoplasmas lebenswichtige Funktionen erfüllen. Im Zytoplasma befin-
det sich die Erbmasse einer Zelle, ihr genetisches Material. Die Erbmasse beinhaltet
die Grundinformation für den Aufbau der Zelle mit all ihren Komponenten und ist
sozusagen der ’Bauplan’, der von speziellen Molekülen in die verschiedenen zellulä-
ren Bausteine übersetzt wird. Änderungen im genetischen Material einer Zelle werden
als Mutationen bezeichnet. Um die Funktionalität einer Zelle zu gewährleisten, soll-
te die Erbmasse möglichst unverändert bleiben. Andererseits können gewisse äußere
Umstände dazu führen, dass Änderungen im zellulären Aufbau vorteilhaft oder sogar
notwendig sind, um das Überleben der Zelle zu sichern.

Koliforme Bakterien, wie Escherichia coli, folgen diesen grundsätzlichen Prin-
zipien. Dies ermöglicht es, komplexe Prozesse in Escherichia coli zu studieren. Des
weiteren eignet sich Escherichia coli gut, um unterschieliche Moleküle herzustellen.
Während meiner Doktorarbeit war ich insbesondere an der Herstellung von Protei-
nen in Escherichia coli interessiert. Da Proteine in Zellen oft nur in geringen Mengen
vorkommen, ist ihre Herstellung in größeren Mengen oft Voraussetzung für weiterfü-
hrende, strukturelle und funktionelle Studien. Insbesondere die Herstellung von Pro-
teinen, die Bestandteile von Membranen sind (also Membranproteine) ist jedoch oft
mit Komplikationen verbunden und bedarf Verbesserung: Zum einen ist die Bioge-
nese von Membranproteinen sehr komplex, da diese Proteine nicht nur hergestellt,
sondern zusätzlich in die Membran eingefügt werden müssen. Dieser Schritt ist oft
begrenzend, da nur eine gewisse Anzahl an Membran-Integrationsstellen zur Verfü-
gung steht. Diese sind bei einer zu hohen Proteinsyntheserate oft ausgelastet. Zum
anderen beinhalten Membranproteine fettlösliche Komponenten (also den Teil, der in
die Membran integriert), die von der wässrigen Umgebung im Zytoplasma geschützt
werden müssen. Generell bedeutet die Herstellung von Fremd-Proteinen eine zusätz-
liche Belastung für Escherichia coli, was unter anderem dazu führen kann dass die
Synthese von zelleigenen Proteinen gestört wird.

Um herauszufinden, wie die Herstellung von Membranproteinen verbessert wer-
den kann, habe ich während meiner Doktorarbeit einen Escherichia coli - Mutan-
tenstamm untersucht, der aufgrund von unbekannten Veränderungen im Erbmateri-



al besonders gut für die Herstellung von Membranproteinen geeignet ist. Die aus-
schlaggebenden Mutationen verringern die Syntheserate des herzustellenden (Mem-
bran)proteins, was die Überlastung der Membran-Integrationsstellen verhindert. Ba-
sierend auf dieser Beobachtung wurde ein Escherichia coli - Stamm konstruiert, in
dem die Syntheserate der herzustellenden Proteine je nach Bedarf reguliert werden
kann. Dieser Stamm eignet sich sowohl für die Herstellung von Membranproteinen,
als auch von wasserlöslichen Proteinen. Schlussendlich zeigte die Untersuchung des
Mutantenstammes, das Escherichia coli über Mechanismen verfügt, die eine effekti-
ve Veränderung des genetischen Materials innerhalb weniger Stunden erlauben. Diese
gestatten Escherichia coli und (vermutlich) anderen Bakterien, sich innerhalb kürzes-
ter Zeit an Situationen anzupassen, die das Überleben der Zelle gefährden, wie sie
zum Beispiel durch die Gabe von Antibiotika entstehen.



Sammanfattning

Alla organismer består av celler. Oavsett om det handlar om encelliga organismer,
som till exempel kolibakterier, eller flercelliga organismer som människor, så är cel-
lerna uppbyggda enligt vissa grundprinciper. Den innersta delen av cellen, cytoplas-
man, omges av ett eller flera membran. Membran kan ses som en skyddande struktur
som bevarar cytoplasman och reglerar utbytet av information och olika substanser
med cellens omgivning. Både cytoplasman och membranen består av ett flertal olika
molekyler och strukturer. En typ av dessa molekyler kallas för proteiner. Proteiner ut-
övar många livsviktiga funktioner i alla celler. Cytoplasman innehåller också cellernas
arvsmassa, deras genetiska material. Liksom en ritning för en byggnad, så innehåller
arvsmassan all information för cellens olika byggstenar. Förändringar i arvsmassan
kallas för mutationer. Oftast så är det fördelaktigt att bevara arvsmassan oförändrad.
Ibland så uppstår dock situationer som gör att en förändring i cellens uppbyggnad är
fördelaktig eller rentav livsnödvändig.

Eftersom kolibakterier, som Escherichia coli, är uppbyggda enligt dessa grund-
principer är det möjligt att undersöka många komplexa processer i ’enkla’ Escherichia
coli-celler. Dessutom lämpar sig Escherichia coli utmärkt till att framställa olika mo-
lekyler. Under min doktorandtid var jag främst intresserad av framställingen av pro-
teiner. Det är oftast nödvändigt att framställa proteiner i stora mängder för att kunna
undersöka deras struktur och funktion, eftersom de flesta proteiner bara förekommer
i otillräckliga små mängder i naturen. Tyvärr är speciellt framställningen av mem-
branproteiner (alltså proteiner som är en del av membranen) inte helt oproblematisk:
Syntesen av membranproteiner är mycket komplex, eftersom de måste byggas in i
membranen under själva processen. Det har visat sig att särskillt detta sista steg kan
vara begränsande eftersom det finns långt färre integrationsställen i membranen än
membranproteiner. Det medför att de integrationsställen som finns ofta är överlastade
när för många proteiner framställs samtidigt. Dessutom kräver framställningen av pro-
teinerna stora mängder byggmaterial och energi. Alla dessa faktorer gör att syntesen
av Escherichia colis egna proteiner, och därmed cellens funktion, kan bli störd, vilket
i slutändan leder till att mindre mängder protein framställs.

Under min doktorandtid har jag främst jobbat med att förbättra framställnings-
processen för membranprotein i Escherichia coli genom att undersöka mutantstam-
mar som lämpar sig bättre till proteinframställning än den ursprungliga stammen.
Mina resultat visar att de mutationer som bidrar mest till förbättringen minskar syntes-
frekvensen av just det protein som ska framställas. Det förhindrar att membran-integra-
tionsställen överlastas. Utifrån dessa resultat konstruerade vi en Escherichia coli-stam
som tilllåter att syntes-frekvensen anpassas för varje protein. Stammen lämpar sig in-
te bara för framställning av membranproteiner, utan även för vattenlösliga proteiner.
Dessutom har vi sett att det bara tar några timmar för Escherichia coli att föränd-



ra arvsmassan. Det betyder att kolibakterier, och förmodligen även andra bakterier,
kan anpassa sig snabbt och effektivt till situationer som hotar cellens överlevnad, en
situation som till exempel uppstår när man äter antibiotika.
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Zukunft! Sonja, mein Sonnenschein! Du bist der beste Start in den Tag; ein
kleines, hüpfendes, glückliches ’Miko’ voller Energie! Jag älskar er båda. Jät-
temycket.
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