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Introduction

Proteins perform a variety of essential functions in the cell, and they come in
many different shapes and sizes. To study the function and structure of proteins,
they usually have to be produced in a recombinant fashion using a suitable host
organism. The protein production host can be either prokaryotic, e.g. Escherich-
ia coli (E. coli), or eukaryotic, e.g. yeast, insect cells and mammalian cells (Fig.
1). The choice of host depends on the origin of the protein to be produced and
on the purpose of its production. The Gram-negative bacterium E. coli, used in
my PhD studies, is not only the most common prokaryotic model organism but
also the most common prokaryotic protein production host.

Roughly spoken, there are two kinds of proteins: membrane-associated
proteins and soluble proteins. The soluble proteins reside in aqueous environ-
ments such as the bacterial cytoplasm, whereas membrane proteins reside in
membranes, which constitute the boundaries between cells, or organelles, and
their surroundings (Fig. 1). Membrane proteins are involved in important pro-
cesses such as nutrient import, export of toxic compounds, stimuli responses and
other types of communication with the surrounding milieu. Due to the im-
portance of these processes, it is not surprising that membrane proteins play key
roles in health and disease. It is thus of great importance to study the function
and structure of this class of proteins. However, the natural abundance of most
membrane proteins is low and their hydrophobic nature makes them difficult to
handle. Moreover, their production is usually toxic to the production host, which
leads to low production yields. Therefore, there is a need to develop improved
strategies for the production of membrane proteins.

Also soluble proteins can be difficult to produce. Proteins containing di-
sulfide bonds for example, like hormones and antibody fragments, cannot adopt
their native three-dimensional fold in reducing environments such as the bacteri-
al cytoplasm. A common approach to solve this problem is to produce these
proteins in the oxidizing environment of the bacterial periplasm, which is the
compartment between the two membranes surrounding Gram-negative bacteria.

The production of proteins in this compartment is often hampered by similar



obstacles as the production of membrane proteins and does therefore benefit
from the same optimization strategies.

In the following sections I will give introductions to the anatomy of Gram-
negative bacteria and to the protein biogenesis and homeostasis machineries in
E. coli. Subsequently, I will describe strategies to improve recombinant produc-
tion of membrane and secretory proteins in this host. I will also give one exam-
ple of recombinant production of membrane proteins for vaccine development,

in the closely to E. coli related bacterium Salmonella typhimurum.
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Fig. 1. A. Schematic representation of a eukaryotic cell (diameter typically 10-100 pm). B. Schematic
representation of a Gram-negative bacterial (prokaryotic) cell (typically 2 um long). C. Electron micro-
graph of S. typhimurium (appr. 2 um long). The two arrows indicate the cell envelope.



Gram-negative bacteria

There are many different strategies to produce recombinant proteins. In my PhD
studies, I have used the Gram-negative bacterium E. coli and, for one particular
application, S. typhimurium as protein production hosts. In the following sec-
tions I will give an overview of the four compartments that constitute Gram-
negative bacteria: the cytoplasm, the cytoplasmic membrane, the periplasm and
the outer membrane (1) (Fig. 1B).

1  The cytoplasm

The cytoplasm, the aqueous inner compartment of Gram-negative bacteria, con-
tains soluble proteins covering a great diversity of functions. Importantly, the
cytoplasm contains the chromosome, which carries the genetic information.
Most Gram-negative bacteria have only one chromosome, which, in contrast to
the chromosomes of eukaryotic cells, is not enclosed by a membrane barrier.
The genetic information encoded on the chromosome, made up of a deoxyribo-
nucleic acid (DNA) molecule, is used as a recipe for protein synthesis, as briefly
described in the section ‘Proteins and their biogenesis in E. coli’. The lower
complexity of the organization of bacteria as compared to eukaryotic cells is not
restricted to the absence of a nucleus: All organelles within the eukaryotic cyto-

plasm are absent in the bacterial cytoplasm (Fig. 1).

2 The cytoplasmic membrane

The cytoplasmic membrane, a.k.a. the inner membrane (IM), is the innermost

membrane of the Gram-negative bacterial cell envelope and has thus direct con-

tact with the cytoplasm. Biological membranes consist of lipids and proteins.
Membrane lipids consist of a hydrophilic head-group and a hydrophobic

tail (Fig. 2A). When lipids are exposed to an aqueous environment, the hydro-



phobic tails from different lipid molecules gather together such that they are
shielded from the water molecules by the hydrophilic head-groups that will face
outwards towards the environment. Due to this ‘hydrophobic effect’ membranes
are structured as a lipid bilayer, with the hydrophobic tails facing inwards and
the hydrophilic head-groups facing outwards (2) (Fig. 2A). The lipid composi-
tion of different kinds of membranes varies and can be affected by many differ-
ent factors. The E. coli IM consists mainly of glycero-phospholipids (phospha-
tidyl-ethanolamine, phosphatidyl-glycerol and cardiolipin). Modifying the de-
gree of saturation of the fatty acids as well as their length will lead to altered
fluidity of the membrane (3—5). Note that the IM is symmetric, meaning that the
inner and outer leaflets contain the same type of lipids. Ions and polar molecules
cannot cross the IM by diffusion but have to be transported by proteins residing
in the membrane. This controlled transport is important for e.g. establishing and
maintaining ion gradients.

The proteins of the IM (IMPs) are either integral or peripheral membrane
proteins (6) (Fig. 2A). The integral membrane proteins are either embedded in
the membrane or covalently attached via a lipid anchor. The lipid-anchored
membrane proteins are referred to as ‘lipoproteins’. All embedded integral IMPs
are so-called “o-helical bundle proteins” consisting of one or multiple trans-
membrane domains (TMs). The TMs adopt an a-helical secondary fold and are,
in multiple TM proteins, connected to each other by hydrophilic loop-regions
protruding out from the membrane either on the periplasmic or the cytoplasmic
side (7) (Fig 2B, right side). The peripheral membrane proteins adhere to one of
the leaflets of the membrane via non-covalent bonds to the lipids and/or to inte-
gral membrane proteins (Fig. 2A).

The view of a biological membrane has been changing a lot over the
years. The fluid-mosaic model was for a long time the most accepted model (8).
This model suggests that lipids make up the main part of the membrane and that
the lipids simply serve as a solvent for the proteins to float in. Nowadays, our
view of a membrane is more complex and it is generally assumed that the lipids
and proteins affect each other’s function and that the membrane structure is
highly organized (9—11).



3 The periplasm

In between the inner and the outer membrane is the periplasm, which contains a
plethora of proteins. The periplasm has been thought of as a gel-like compart-
ment, but more recent studies suggest that the viscosity of the periplasm is very
similar to that of the cytoplasm (12,13). The proteins in the periplasm are trans-
ported there from the cytoplasm across the inner membrane via protein-
conducting channels embedded in the membrane (Fig. 2A). The periplasm con-
tains a peptidoglycan layer, a mesh-like polymer consisting of amino acids and
sugars, which gives the bacterial cell its shape and rigidity (14) (Fig. 2A). With-
out the peptidoglycan layer the bacterial cell would, under most conditions, lyse
due to osmotic pressure. In contrast to the cytoplasm, which is reducing, the
periplasm is oxidizing. This is a very important property for the folding of pro-
teins that contain disulfide bonds. Disulfide bonds cannot be formed in the re-
ducing environment of the cytoplasm. Notably, the periplasm does not contain
the energy transfer molecule adenosine triphosphate (ATP).

4  The outer membrane

The outer membrane (OM) is, just like the IM, composed of a lipid bilayer con-
taining integral and peripheral proteins. However, the two membrane systems
differ significantly in some aspects (15) (Fig. 2A). The absolute majority of the
proteins that reside in the OM (OMPs) consists of B-strands that fold into a cyl-
inder, a so-called B-barrel (7) (Fig 2B, left side). The OM contains B-barrel pro-
teins that function as porins, through which ions and polar compounds can dif-
fuse, making the OM more permeable than the inner membrane (16). Another
important difference is that the OM is asymmetric. The inner leaflet consists,
just like the IM, mainly of glycero-phospholipids, whereas the outer leaflet con-
sists of glycolipids (lipopolysaccharides (LPS)) (1,3) (Fig. 2A). The main func-
tion of LPS is to serve as a permeability barrier towards external threats such as
antibiotics. Importantly, LPS is highly immunogenic and involved in patho-
genicity of Gram-negative bacteria. LPS consists of three domains: lipid A, the
core oligosaccharide and the so-called O-antigen (1) (Fig. 2A). Lipid A is the
hydrophobic domain anchoring the LPS molecule to the outer leaflet of the OM
and is the primary component behind the endotoxic shock associated with septi-

cemia caused by Gram-negative bacteria (17). The number and length of the



fatty acids determine the toxicity of lipid A. The core oligosaccharide is attached
to lipid A, projecting outwards from the bacterial surface, and consists of a short
chain of sugar residues. A repetitive glycan polymer, referred to as the ‘O anti-
gen’, is subsequently bound to the core oligosaccharide. The O antigen is highly
diverse between and within bacterial species and is required for virulence due to
its role in colonization and protection against host-mediated bacterial lysis
mechanisms (17). Most laboratory Gram-negative bacterial strains lack the O
antigen, which renders them less virulent (17). LPS without O antigen is referred
to as “rough LPS” in contrast to “smooth LPS” which indicates a complete LPS
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Fig. 2. A. Schematic representation of the cell envelope of a Gram-negative bacterium. B. Examples of the
two major types of integral membrane proteins. Left: The B-barrel outer membrane protein OmpA (PDB:
1QJP). Right: The a-helical membrane protein Rhodopsin (PDB: 2135).



Proteins and their biogenesis in E. coli

In bacteria, all proteins are synthesized in the cytoplasm. According to the ‘cen-
tral dogma’, first described by Francis Crick in 1970, a gene is ‘transcribed’ into
a ‘messenger RNA’ (mRNA), during a process known as ‘transcription’, and the
mRNA is subsequently ‘translated’ into a protein, during the ‘translation pro-
cess’ (18) (Fig. 3). Proteins are made up of so-called polypeptides, which consist
of amino acids. There are 22 naturally occurring amino acids that all have dif-
ferent structures and characteristics. Therefore, the amino-acid sequence of a
polypeptide determines the characteristics of a protein. The surface of water-
soluble proteins are enriched in polar and charged amino acids and hydrophobic
regions are buried inside the protein, protected from the aqueous environment
(19). In contrast, membrane-spanning regions of IMPs and OMPs are enriched
in hydrophobic amino acids, which are exposed on the surface of the protein to

DNA

transcription

translation

v
000909999999 ()ypeptide

biogenesis path\V
targeting/biogenesis
pathways
cytoplasmic protein (IMPs, PPs & OMPs)
v IM
v i PP
v l OM

extracellular milieu

Fig. 3. The Central Dogma (in the context of a Gram-negative bacterium): from gene to protein.
Abbreviations: IM(Ps); inner membrane (proteins), PP(s); periplasm (periplasmic proteins), OM(Ps);
outer membrane (proteins).



interact with the lipid environment (20,21). Once the polypeptide chain of a
protein has been synthesized, the biogenesis pathway towards a fully folded and
functional protein depends on which compartment the protein is destined for
(Fig. 3). At the N-terminus, proteins destined for any of the three compartments
of the cell envelope are equipped with specific ‘signal/targeting sequences’ di-
recting them to the correct location. These proteins are all confronted with the
challenge of traversing membrane barriers (Fig. 3).

Transcription is carried out by the RNA polymerase (RNAP). RNAP binds
at the so-called ‘promoter-region’, a sequence element located upstream of the
gene, and initiates there the transcription process during which an mRNA tran-
script, complementary to the DNA sequence of the gene, is generated. Im-
portantly, the recruitment of RNAP to the promoter-region is dependent on the
binding to a so-called ‘c factor’ (22). There are different ¢ factors and they de-
termine to which promoters RNAPs are recruited and are therefore important
regulators of gene expression (23). The most relevant E. coli ¢ factors for my
studies will be described in section 10. More than one transcribing RNAP mole-
cule can be present at different positions on the same gene simultaneously, gen-
erating more than one mRNA transcript at a time (24,25). The “strength” of the
promoter and the activity of the RNAP will affect the number of mRNA tran-
scripts that are produced, which subsequently will affect the kinetics of protein
synthesis. The role of promoter strengths and RNAP activity for recombinant
protein production will be discussed in further detail in section 13.

During translation, the nucleotide sequence of the mRNA transcript, gen-
erated during transcription, is translated into an amino-acid sequence by the
ribosome, which is a highly conserved macromolecular machinery consisting of
both protein and RNA subunits. The bacterial ribosome (70S) consists of the
large (50S) and the small ribosomal (30S) subunits (26). The 50S subunit is a
complex made up of two rRNA molecules and more than 30 proteins, and the
30S subunit consists of one rRNA molecule and approximately 20 proteins (26).
The ribosome contains the ‘decoding center’, in which the mRNA is decoded,
and the ‘peptidyl transfer center’ (PTC), in which the bonds between amino
acids are formed, generating the growing polypeptide chain (26). The insertion
of the correct amino acid at the correct position in the polypeptide chain is dic-
tated by so-called transfer RNAs (tRNAs). tRNAs contain both an anti-codon
sequence specific for a certain codon on the mRNA and carries the specific ami-

no acid for that codon. The synthesized polypeptide chain leaves the ribosome



through the ‘exit-tunnel’ on the large ribosomal subunit (26). The efficiency of
ribosome binding to the mRNA transcript largely depends on the sequence at,
and around, the ‘ribosomal binding site’ (RBS) of the mRNA (27,28). The role
of the RBS sequence will be discussed in more detail in sections 13.1.2 and
13.3.1. Just like multiple RNAPs can generate multiple transcripts simultaneous-
ly, multiple ribosomes can attach to the same mRNA for the synthesis of multi-
ple polypeptide chains simultaneously, creating co-called polysomes (29). Not
surprisingly, the ribosome density, which is affected by the sequence at and
around the RBS, on an mRNA transcript affects protein accumulation kinetics
(206).

5  Protein folding in the cytoplasm

The folding of a protein is a complex process in which a protein can be ‘trapped’
in non-functional/non-native conformations (30). For soluble proteins, these
non-productive conformations often cause hydrophobic amino acids of the pro-
tein to be exposed on the surface of the protein instead of being buried inside the
protein (31). Exposure of hydrophobic amino acids to the aqueous environment
can lead to aggregate formation (32). Importantly, in the case of membrane pro-
teins, the hydrophobic residues are (in their native conformation) exposed on the
surface of the protein, which is compatible with the lipid environment of the
membrane (21). Therefore, membrane proteins are even more sensitive to ag-
gregation in the cytoplasm than soluble proteins. To prevent protein misfolding,
all kingdoms of life possess chaperones and targeting factors that interact with
the polypeptide as it emerges from the ribosome and assist its folding and target-
ing (33,34). Some chaperones accelerate folding (‘foldases’) whereas others
rather prevent premature folding (‘holdases’). Chaperones can be ribosome-
bound and interact with the polypeptide chain upon its emergence from the exit-
tunnel, i.e. in a co-translational fashion. Other chaperones are not bound to the
ribosome and can act on the polypeptide chain either co- or post-translationally.
The lack of chaperones leads to extensive aggregate formation and misfolding of
essential proteins (34), which is the reason why some chaperones are essential to
cell survival. The majority of chaperones known today are proteins, but it has
been shown that lipids and RNAs also can affect the folding of some proteins
(35-37). Apart from being involved in de novo protein folding, chaperones can
also assist in the maintenance of native proteins and in the refolding or degrada-

9



tion of misfolded proteins, as discussed in the section ‘Protein homeostasis in .
coli’. Below will follow a brief description of the most prominent chaperone
systems of the E. coli cytoplasm: Trigger Factor, DnaKJ/GrpE and GroEL/ES.
Notably, these three chaperone systems collaborate with each other, forming a
cytoplasmic ‘folding network’ (Fig. 4, pathway I) (38). This chaperone network
appears to also play a role in the biogenesis pathways of proteins residing in the
cell envelope, as recently reviewed in (39). Recombinant production of mem-
brane and secretory proteins commonly triggers cellular stress responses in
which these chaperones are central players, as discussed in section 10. For the
sake of clarity, in the following I will use the term ‘secretory proteins’ for all
proteins destined for the periplasm and the OM. Proteins destined for the extra-

cellular milieu will be referred to as ‘extracellular proteins’.

5.1  Trigger Factor

Trigger Factor (TF) is an ATP-independent chaperone that is highly abundant in
the E. coli cytoplasm (40). It has gained most attention as a ribosome-bound
chaperone that prevents misfolding of polypeptides as they emerge from the
ribosome exit tunnel (41,42) (Fig. 4). Ribosome-bound TF likely interacts with
most polypeptides but it has a preference for hydrophobic polypeptide stretches
flanked by positively charged amino acids (43). Although most TF substrates are
cytoplasmic proteins, also secretory proteins can be co-translationally bound by
TF (34,44). TF plays an important role in directing secretory proteins through
the post-translational translocation pathway (45,46), as described in section 6
(Fig. 4, pathway III & IV). TF bound to the ribosome nascent chain complex
(RNC) may dissociate from the ribosome as the polypeptide grows longer,
which allows for another TF molecule to bind (47,48). Although it is not com-
pletely clear as to how long TF stays attached to the polypeptide, it has been
suggested that the release of TF is initiated as the hydrophobic TF binding motif
has been successfully buried into the interior of the protein (34). In many cases,
the release of TF is followed by further co- and post-translational folding assis-
tance by the non-ribosome-associated chaperones DnaKJ/GrpE and GroEL/ES.

Interestingly, also non-ribosome bound TF appears to have a function in
protein folding. The function of ‘free’ TF is not yet completely elucidated, but it
has been suggested that it can assist posttranslational folding of multisubunit
complexes (48).

10



5.2 DnaKJ/GrpE

DnaK has a central role in the cytoplasmic chaperone network (38). It receives
de novo substrates from TF and passes many of them on to the downstream
chaperone GroEL/ES (Fig. 4, pathway I). It should be noted that although the
majority of the de novo DnaK substrates are cytoplasmic proteins, DnaK appears
to also play a role in the targeting and biogenesis of some IM and secretory pro-
teins (39) (Fig. 4). DnaK can interact with polypeptides both in a co- and post-
translational manner. The function of DnaK is dependent on ATP and on its two
co-chaperones DnalJ and the GrpE, as reviewed in e.g. (34). Dnal and GrpE
regulate the substrate binding cycle and ensure proper ATP hydrolysis, which
drives the opening and closing of the substrate binding domain of DnaK
(34,49,50). Upon release from DnaK, the cytoplasmic substrate protein folds
into its native conformation or is delivered to GroEL/ES for further folding as-
sistance (31,34). DnaK is only essential under stress-induced conditions when
protein aggregation is elevated (51,52). Notably, DnaK can, under stress-
induced situations, rescue mutants lacking TF, but mutants lacking both DnaK
and TF cannot survive under such conditions (51,52). Importantly, DnaK also
plays a key role in quality control and protein homeostasis, as described in the

section ‘Protein homeostasis in E. coli’.

53 GroEL/ES

GroEL receives the majority of its de novo substrates from DnaK (Fig. 4, path-
way I), as reviewed in e.g. (34). Obligate substrates of GroEL often have a com-
plex native structure, which is usually not accomplished by DnaK alone (31,53).
GroEL belongs to a type of chaperone systems referred to as ‘chaperonins’,
which have a typical “double doughnut” shape forming two oligomeric barrel
cavities in which proteins can fold in a protected environment (54,55). GroEL
function is dependent on ATP hydrolysis and on its co-chaperone GroES, which
functions as a lid closing the barrel after the substrate has been accommodated
inside (56). The interior of the GroEL barrel is initially hydrophobic, allowing
the substrate to bind. Subsequently, ATP binding causes a large conformational
change of the barrel, making the interior hydrophilic (57,58). If the substrate has
still not attained its native structure, it will re-bind for a second attempt of Gro-
EL-mediated folding (31,57,59). Recently, it has been shown that GroEL does
not seem to only provide a protected cavity for folding but also to actively cata-

11



lyze the folding of the substrate (60). GroEL is an essential chaperone (61), even
under non-stressed conditions, and plays just like DnaK an important role in

quality control and protein homeostasis.

6  Protein targeting to the inner membrane

Newly synthesized polypeptides destined for any of the compartments of the cell
envelope have first to be delivered to the membrane-bound machineries that
execute their integration into/translocation across the IM (Fig. 4). There are two
main insertion/translocation machineries in the E. coli IM: the Sec-translocon
and the TAT-translocon, see e.g., (62). During my PhD studies, I have only
focused on insertion/translocation via the Sec-translocon. Therefore, I will here
only describe the Sec-translocon. A protein can be inserted into/translocated
across the IM via the Sec-translocon either co- or post-translationally, i.e. while
translation is still ongoing or after the complete polypeptide has been synthe-
sized and released from the ribosome. These two modes of insertion in-
to/translocation across the IM are mediated by different targeting pathways: the
‘co-translational targeting pathway’ (section 6.1) and the ‘post-translational
targeting pathway’ (section 6.2), respectively (Fig. 4, pathways II versus 11l &
V).

The targeting pathway of a protein to the Sec-translocon mainly depends
on the hydrophobicity of the cleavable N-terminal ‘signal sequence’ of secretory
proteins or of the non-cleavable so-called ‘signal anchor sequence’ of IMPs,
which subsequently will constitute the first TM (62—-67). Additionally, the tar-
geting pathway can be affected by the translation rate: A fast translation rate
increases the risk of protein misfolding and thus also the need of early chaper-
one-assistance (39,63,68,69). The recruitment of early chaperones and targeting
factors, in turn, plays a role in the determination of targeting pathway.

Membrane translocation/insertion by the Sec-translocon requires, inde-
pendent on targeting pathway, that the protein is kept in a ‘translocation compe-
tent’ state, i.e. the protein must be kept unfolded prior to interactions with the
Sec-translocon. Evidently, in the co-translational pathway the polypeptide is per
definition protected from pre-mature folding since it is inserted into the IM via
the Sec-translocon as it is synthesized. In the post-translational targeting path-
way, however, the fully synthesized polypeptide chain must be protected from

premature folding by chaperones.
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Fig. 4. Folding/Biogenesis pathways of cytoplasmic, inner membrane and secretory proteins. I. TF inter-
acts strongly with ribosomes synthesizing cytoplasmic proteins. TF, DnaK/J and GroEL/ES chaperone
systems constitute a cytoplasmic chaperone network, assisting the folding of cytoplasmic proteins. The
cytoplasmic chaperone network may also play a role in the biogenesis of some membrane and secretory
proteins. II. Highly hydrophobic signal sequences of IMPs and secretory proteins favour SRP binding and
thus co-translational protein insertion into/translocation across the IM. III & IV. RNC binding to SecA
and/or TF is stabilized by secretory signal sequences of proteins that are post-translationally translocated
across the IM. Soluble SecA targets the polypeptide chain to the Sec-translocon, either in a SecB inde-
pendent (III) or SecB dependent (IV) manner. Upon translocation, Lep cleaves off the signal sequence
from secretory proteins. When the polypeptide has been translocated across the IM, it is either folded into
its native conformation (folding steps not represented in this figure, see section 7.4), or it can be targeted
for further transport to the OM via SurA/Skp where the BAM-complex assists insertion of OPMs into the
OM, or secreted to the extracellular milieu (not represented in this figure, see section 8). IM-associated
SecA fuels the translocation of secretory proteins and large periplasmic loops of inner membrane proteins
across the IM. The SecDFYajC complex and other auxiliary components play a role in Sec-mediated IM
insertion and translocation (not included in this figure, see section 7.2). YidC can insert IMPs inde-
pendently on the Sec-translocon, but the targeting pathway has not been characterized in detail yet. Addi-
tionally, mRNAs encoding membrane proteins may be targeted to the IM independently on ribosome
binding (not represented in this figure). Figure modified after (64).
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6.1  The co-translational insertion/translocation pathway

Most IMPs are inserted into the membrane co-translationally and are thereby
targeted to the IM via the ‘co-translational targeting pathway’ (Fig. 4, pathway
II). Secretory proteins can also be targeted for co-translational translocation
across the IM, although less frequently (62,63,68). Co-translationally insert-
ed/translocated proteins are, according to the commonly accepted view, deliv-
ered to the IM by the targeting factor ‘signal recognition particle’ (SRP). SRP-
mediated targeting is triggered by the emergence of a highly hydrophobic ‘sig-
nal anchor sequence’, which often, already in the ribosome exit tunnel, has fold-
ed into an a-helix, which will constitute the first TM of the IMP upon IM inser-
tion (62—64,67). Once SRP has bound to the ‘signal anchor sequence’, it targets
the RNC to the IM with the help of the SRP receptor FtsY (70-72). Both SRP
and FtsY bind GTP, and upon SRP-FtsY interaction, GTP hydrolysis induces
conformational changes resulting in the transfer of the RNC to the Sec-
translocon while SRP and FtsY are released (62,73). The ribosome remains
attached to the translocon until the complete polypeptide has been inserted into,
or translocated across, the IM.

Notably, it has been observed that some mRNAs encoding membrane

proteins can localize to the IM before association to the ribosome (71,74).

6.2  The post-translational translocation pathway(s)

The post-translational translocation targeting pathway is the main pathway for
secretory proteins (Fig. 4, pathways Il & IV) (62,64). Importantly however,
there are examples of both periplasmic proteins and OMPs that are targeted to
the IM via the SRP pathway. In fact, the two model proteins used for periplas-
mic protein production and OMP production (DsbA-BL1 and HbpD-ESAT®6) in
papers III, IV and V are delivered to the IM in an SRP-mediated fashion (68,75).

The branching of the ‘co-/post-translational’ pathways occurs already
early on during translation. As described above, SRP binding to the RNC is
favored when the signal sequence is highly hydrophobic. When other, less hy-
drophobic, signal sequences emerge from the ribosome, the binding to other
targeting factors is favored. TF may be the first factor in the ‘post-translational’
targeting pathway and competes with SRP for binding to the RNC (45,46). It has
also been observed that the ATPase SecA can bind to the RNC and, alone or in
concert with other chaperones, target the nascent chain to the Sec-translocon for
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post-translational translocation (76-79) (Fig. 4, pathway IlI). However, most
attention has been focused on another post-translational translocation targeting
pathway (Fig. 4, pathway IV). Many post-translationally transclocated secretory
proteins are dependent on the cytoplasmic chaperone SecB, which prevents pre-
mature folding and mediates targeting to the IM (79-81). The prevailing view is
that SecB binds (both co- and post-translationally) to various hydrophobic
stretches along the polypeptide subsequent to that TF-RNC association has oc-
curred. Then, after release from the ribosome, SecA is recruited for targeting the
nascent polypeptide chain to the Sec-translocon, see e.g., (78,79,82). SecA ex-
ists both as a soluble protein in the cytoplasm and as a peripherally associated
IMP. The IM-associated SecA has an essential role in Sec-translocon mediated

translocation across the IM, as described in the following section.

7  Destination: inner membrane & periplasm

As mentioned before, insertion of membrane proteins into the IM is, in most of
the cases, achieved in a co-translational manner. Translocation of proteins across
the IM into the periplasm occurs mostly in a post-translational manner, but can
also occur co-translationally. In any case, both insertion and translocation is
mediated by the SecYEG-translocon, with or without assistance of SecA, YidC,
the SecDFYajC complex or other auxiliary components, as described in the two

following sections.

7.1 The Sec-translocon

The Sec-translocon is a hetero-oligomeric complex forming an aqueous pore
that spans the IM. It translocates proteins across and inserts proteins into the IM
in an unfolded state. The core unit of the Sec-translocon is composed of three
integral membrane proteins (Fig. 5): SecY (composed of two halves of 5 TMs
each, forming the hourglass shaped pore of the translocon), SecE (acts like a
clamp to hold the SecY pore together) and SecG (function not known), in a
1:1:1 ratio (83). Interestingly, both SecY and SecE are essential and conserved
throughout all kingdoms of life (62). Auxiliary components (e.g. SecA, YidC
and SecDFYajC) and their different organizations with the SecYEG-complex
are described in the next section. The crystal structure of the Sec-translocon,

from the thermophilic methanogenic archaeca Methanococcus jannaschii, was
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solved in 2004 by Bert van den Berg et. al. (83). The elucidation of the structure
generated models of the mechanisms of translocation and insertion (Fig. 5).
These models have by subsequent studies (using other pro- and eukaryotic or-
ganisms) shown to be, in its essence, mostly correct (84—88). Also, the similarity
of the structures of the translocon generated from evolutionary distant organisms
shows that it is highly conserved (89). Notably, however, SecE has 3 TMs in E.
coli but only 1 in M. jannaschii. According to the M. jannaschii structure and
later studies, there is a hydrophobic ring at the constriction of the ‘SecY-
hourglass’, and at the interface between the two halves of SecY the translocon
can be opened laterally towards the lipid bilayer (83,86,87,90) (Fig. 5). Further-
more, the translocon is partially filled by an a-helical “plug”, which was sug-
gested to be displaced upon signal sequence recognition (83). Recently, howev-
er, it was reported that the movement of the plug during translocation is only
modest (87,88). Rather, the function of the plug, and the hydrophobic ring at the
constriction of the pore, may be to keep the translocon impermeable to ions and
other small molecules (91). Co- and post-translational protein transport is initi-
ated by interactions between the Sec-translocon and the ribosome and/or SecA,
respectively (87,88,90,92).

During translocation, the hydrophobic signal sequence binds to the Sec-
translocon at the lateral gate, and the polypeptide immediately downstream of
the signal sequence is inserted into the pore as a hairpin (88,93). The complete
polypeptide is then threaded through the translocon and the signal sequence is,

Fig. 5. Structure of the Methanococcus jannaschii Sec-translocon. A. The two halves of SecY (blue and
red) are ‘clamped’ together by SecE (white). B. The opening of the lateral gate (made up of TM 2, 3 and
8) is indicated by the two purple arrows. The movement of an inserting TM (pink) through the lateral gate
is illustrated by the black arrow. The plug is represented in green. Reprinted with permission from (83).
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in E. coli, cleaved by the signal peptidase (Lep), releasing the protein into the
periplasm (94). Importantly, translocation of proteins through the pore is de-
pendent on the previously mentioned membrane-bound E. coli ATPase SecA.
Through multiple rounds of ATP-hydrolysis, SecA generates the energy needed
for the translocation process (79). Translocation is also dependent on the proton
motif force (PMF) (81,95) and presumably also on additional “pulling forces”
from the periplasmic side of the IM (88). Recently, it has been suggested that
interactions between charged residues of the translocating polypeptide and the
periplasmic surface of the IM affect the dynamics of the translocation process
(96). For a comprehensive review on the energetics during protein translocation,
see (97). A completely translocated polypeptide can either obtain its native fold
in the periplasm (including lipoproteins), as described in section 7.4, or it can be
targeted to the OM, as described in section 8.

In the case of protein insertion into the IM, interactions between the highly
hydrophobic ‘signal anchor sequence’ and the Sec-translocon promote the open-
ing of the lateral gate (98). The pushing force exerted by the (ribosome-
mediated) elongation of the polypeptide chain (at the expense of GTP hydroly-
sis) may partially drive the co-translational partitioning of the a-helices into the
lipid bilayer (81). Interactions between different TMs and between a TM and the
lipids in the membrane also promote the insertion (99). Furthermore, Cymer and
von Heijne recently showed that hydrophilic interactions between polar residues
of the inserting and preceding a-helices contribute to the partitioning (100).
Importantly, however, efficient translocation of large periplasmic domains/loops
requires SecA (68,101,102). The PMF also aids in the insertion of membrane
proteins into the IM, see e.g., (81). An active role of the Sec-translocon in regu-
lating the insertion kinetics has also been proposed (98). Further insights regard-
ing membrane protein insertion, folding and topology in the inner membrane
will be discussed in section 7.3.

7.2 Auxiliary Sec-translocon subunits

The SecYEG complex is assisted by a variety of auxiliary subunits making the
translocon composition highly modular (103,104). Here, I will present those
subunits that have been most thoroughly characterized so far. Note that SecA

has already been described in the previous section.
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YidC is an essential and highly conserved integral IMP consisting of 6
TMs (105). The prevailing view is that YidC receives TMs as they emerge from
the lateral gate of the SecYEG translocon and assists their insertion into the IM
(106-108). YidC also appears to play a role in the folding and assembly of IMPs
(109-112), as will be discussed in the following section. Importantly, YidC does
not only assist the SecYEG complex, but can also by itself promote membrane
protein insertion, thus constituting a second type of “insertase machinery”, see
e.g., (113-115). The targeting pathways to the YidC insertase are still elusive.
Some YidC-dependent proteins appear to follow a co-translational route (sup-
ported by that E. coli YidC is able to bind to the ribosome, e.g., (116)), but other
studies have shown that YidC is also able to mediate post-translational mem-
brane protein insertion (114,117-119). Presumably, there are specific ‘YidC
pathways’ not yet discovered (116) (Fig. 4). Recently, the crystal structures of
the E. coli YidC and of another YidC homologue were solved, both showing
that YidC forms a hydrophilic groove opened towards both the cytoplasm and
the IM (120-122). Proteins inserted in a SecYEG-independent manner by YidC
are limited in size, which is in agreement with the geometry of the hydrophilic
groove. Their insertion is independent of SecA, i.e. they do not contain any large
periplasmic loops (118). Interestingly, YidC also seems to play a role in the
biogenesis of the autotransporter OMP Hemoglobine protease (Hbp), the protein
used in paper V, expanding the current idea of YidC function (123).

In papers I, III and IV, YidC is used as a model protein for the optimiza-
tion of recombinant membrane protein production. Due to the function of YidC,
one can question the use of YidC in these studies since elevated levels of YidC
may generate a situation in which improved model protein production yields are
a result of the intrinsic function of YidC itself. However, it has been shown that
the recombinant production of a dysfunctional YidC gives the same production
yields and cellular stress responses as for production of functional YidC (124).

Another complex involved in SecYEG-mediated protein insertion and
translocation is the SecDFYajC complex. This complex associates with the
SecYEG core in different structural arrangements: either with a SecA-bound
SecYEG, for post-translational translocation, or with a ribosome-bound SecYEG
for co-translational transport. The presence of SecDFYajC affects the efficiency
of integration/translocation and makes the protein transport more dependent on
the PMF (104), in correlation with the previously assumed function of SecDF,
i.e. transducing energy from the PMF. Thus, SecDFYajC may regulate the inser-
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tion/translocation process according to the properties of the substrate protein and
also in order to modulate protein composition of the membrane during different
growth phases/stress situations (104). Additionally, SecDFYajC has been sug-
gested to constitute a link between SecYEG and YidC, although YidC is capable
of contacting SecYEG also in the absence of SecDFYajC (108,125).

The membrane-associated protein Syd has been shown to interact with
SecYEG and to have a destabilizing affect on the trimeric core unit, especially
when improperly assembled (126). This observation, made in vitro, suggests that
Syd has a ‘SecYEG proofreading’ function (126).

The IM-localized protein YidD has been shown to be involved in the in-
sertion and processing of some YidC-dependent IMPs (127). PpiD and Y{gM
are two other auxiliary Sec-translocon factors presumably involved in the link
between Sec-translocon mediated protein transport and the periplasmic chaper-
oning network, further mentioned in section 7.4 and 8.

7.3 Insertion and topology of inner membrane proteins

a-helical bundle IMPs can adopt different topologies. The N-terminus can either
be positioned on the cytoplasmic side or on the periplasmic side of the IM, and
the same holds for the C-terminal end of the protein. Furthermore, a TM can be
tilted or can even constitute a so-called ‘re-entrant’ loop, with its N- and C-
termini on the same side of the IM, see e.g., (128). The topology of IMPs can be
set during insertion, mainly dictated by the topology of the first TM, or it can be
“flipped” after insertion into the IM, see e.g., (129,130). It is known that the
hydrophobicity and length of the TM, the distribution of positively charged
residues of the cytoplasmic loops connecting the TMs, known as the ‘positive
inside rule’ (131), and the lipid composition of the membrane all can affect the
topology of IMPs (132-136). There are however many open questions in this
field. Whether a cytoplasmic localization of the N-terminus of the first TM is
acquired by a ‘flip’ post-membrane-insertion, or whether it is acquired pre-
membrane-insertion by being inserted into the Sec-translocon as a ‘hairpin’ is
still a matter of debate (132,137—-139). It is also not clear as to how subsequent
TMs are inserted, i.e. whether they can be accommodated in the Sec-translocon
pore and inserted into the IM simultaneously or not. Highly hydrophobic TMs
may never enter the Sec-translocon pore but rather ‘slide’ directly via the lateral
gate into the IM (140). It has also been shown that the translation kinetics can
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affect the insertion propensity of marginally hydrophobic TMs (141). Some
poorly hydrophobic TMs can initially be positioned at either one of the mem-
brane leaflets and only post-translationally be inserted into the membrane, driv-
en by interactions with adjacent intramolecular TMs (142—144). This late inser-
tion of a TM may then reorient the overall topology of the entire protein. Poorly
hydrophobic TMs can also be retained near to the Sec-translocon pore via polar
protein-protein interactions, which allows for proper folding before membrane
partitioning (145). In fact, pre-mature membrane partitioning of marginally hy-
drophobic TMs can cause membrane protein aggregation in the IM (146).

According to Cymer and von Heijne (100), tertiary folding of membrane
proteins can be initiated already at the immediate proximity of the Sec-
translocon, in a co-translational fashion. As previously mentioned, YidC is be-
lieved to receive TMs as they emerge from the lateral gate of the translocon and
assist their insertion and folding. It has been shown that the E. coli IMPs LacY
and MalF require YidC for proper folding (109-111). It has also been seen that
depletion of YidC leads to cell envelope stress responses due to membrane pro-
tein misfolding, further pointing towards a significant role of YidC as a mem-
brane protein foldase (109,147,148). Folding of IMP loop regions is presumably
assisted by cytoplasmic chaperones such as DnaK.

7.4  Folding and processing of periplasmic proteins

When a polypeptide emerges into the periplasm, it can be targeted further to the
OM insertase machinery (BAM-complex), as described in the following section,
or it can with the help of chaperones and folding catalysts attain its native struc-
ture in the periplasm. In addition, lipoproteins are attached to the periplasmic
leaflet of either the IM or the OM, as briefly described at the end of this section.
Many periplasmic proteins, and also OMPs, contain one or more intra-
molecular disulfide bond(s). The periplasmic model protein BL1, a single-chain
variable antibody fragment (scFv), used as a model protein in papers III and IV
is a disulfide bond-containing protein. Disulfide bonds are usually crucial for
protein structure and function and are only formed in the oxidizing environment
of the periplasm. Disulfide bond formation has recently been reviewed, see
(149). The generation of a disulfide bond requires oxidation of the two substrate
cysteines. This is carried out by the soluble, periplasmic oxidoreductase DsbA,
which contains one disulfide bond itself that is reduced during the disulfide bond
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formation in the substrate protein. The electrons transferred from the substrate to
DsbA are then further passed on to the IMP DsbB, which subsequently trans-
ports them to the Q-pool in the IM. Thus, both DsbA and DsbB are re-activated
and ready for another round of substrate disulfide bond formation. A third com-
ponent of the disulfide-bond formation machinery is the periplasmic protein
DsbC. This is an isomerase that ‘senses’ erroneous disulfide bonds and subse-
quently reduces them. The substrate can then undergo another attempt of disul-
fide bond formation by DsbA. DsbC is re-activated by the IMP DsbD in a pro-
cess that requires cytoplasmic thioredoxin.

In addition to disulfide bond formation, periplasmic proteins usually re-
quire assistance from other chaperones for attaining their native structure. The
majority of the most prominent and/or best-characterized periplasmic chaper-
ones have however been shown to mainly be involved in chaperoning/targeting
of OMPs. SurA is one of the best-studied periplasmic chaperones and has, so
far, only been shown to be essential for OMP biogenesis, see e.g., (150-152), as
described in the following section. Anyhow, there is also evidence that many of
the periplasmic chaperones can assist the folding of both periplasmic proteins
and OMPs. One rather recently discovered periplasmic chaperone, Spy, was first
found to act mainly on periplasmic substrates, but recent observations point
towards a role in OMP biogenesis as well (153,154). Also, the IM-anchored
chaperone PpiD appears to support the folding of a general scope of newly
transclocated polypeptides, including those destined for the periplasm
(103,155,156). The recently discovered Sec-translocon auxiliary component
YfgM is a single spanning IMP believed to play a role in the interplay between
the Sec-translocon and the periplasmic chaperone machinery and stress respons-
es (157-159). Furthermore, Skp, one of the main OMP chaperoning factors, has
shown to also have periplasmic substrates (154,160,161). FkpA is yet another
periplasmic chaperone that has been shown to mediate the biogenesis/folding of
both soluble proteins and OMPs (162,163). Lastly, DegP was previously thought
to have a chaperoning role in the periplasm, but recent discoveries suggest that
DegP mainly exhibits a protease function (164), see section 9. The role of
periplasmic chaperones in OMP targeting will be discussed in section 8.

As mentioned before, lipoproteins are also present in the periplasm. Their
biogenesis has been reviewed in (165). Most lipoproteins are anchored to the
OM, rather than to the IM. Lipoproteins are equipped with a cleavable N-

terminal signal sequence, and they contain at the cleavage site a so-called ‘lipo-
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box’. At the very N-terminus of the processed (cleaved) protein there is a cyste-
ine residue, which is essential for the enzymatic acylation of the lipoprotein,
enabling lipid mediated OM/IM insertion. The so-called LolABCDE-system
recognizes the lipoproteins destined for the OM and transports them across the

periplasm upon which, they are inserted into the OM.

&  Destination: outer membrane & extracellular milieu

Proteins targeted to the OM are, in the majority of the cases, post-translationally
translocated across the IM. When a polypeptide destined for the OM emerges
into the periplasm, chaperones are recruited in order to prevent misfolding and
to keep the polypeptide chain in a partially unfolded, OM-insertion-competent
state. Some chaperones also function as targeting factors, directing the polypep-
tide to the B-barrel assembly machinery (BAM) complex in the OM (Fig. 4).

As mentioned before, many of the periplasmic chaperones exhibit a dual
function. They are involved both in the folding of periplasmic proteins and in
the biogenesis of OMPs. Also, most of them appear to have overlapping func-
tions since many of them can rescue the lack of another. Anyhow, the currently
most accepted model is that the chaperone SurA plays a major role in OMP
biogenesis and that the chaperone Skp acts in a secondary ‘rescue’ pathway
(166,167). Simultaneous deletion of these apparently parallel pathways is lethal
to E. coli (168).

OMPs are equipped with a C-terminal ‘signature sequence’ enriched in
aromatic residues (169). SurA has shown to recognize unfolded OMPs by these
conserved, OMP-specific, C-terminal signature sequences (170). Importantly,
SurA is the only periplasmic chaperone that, so far, has been shown to interact
directly with the BAM-complex (171). Together, these observations have led to
the idea that SurA may bind polypeptides during IM-translocation and stay at-
tached until the substrate is delivered to the BAM-complex for OM insertion
(167). Skp appears to bind to conserved hydrophobic patterns (that subsequently
fold into a B-barrel) in yet unfolded polypeptides (172—174). It is not known
whether Skp can contact the BAM-complex.

The BAM-complex assists OMP insertion into the OM and consists of the
OMP BamA and four lipoprotein subunits: BamB, BamC, BamD (presumably
involded in substrate recognition and regulation of BamA activity) and BamE,
most likely in a 1:1:1:1:1 ratio (Fig. 4) (151,175). BamA and BamD constitute

22



the central core of the BAM-complex and are both essential for cell survival.
Their deletion leads to accumulation of aggregated OMPs in the periplasm
(176,177). However, also the BamB,C,E subunits are required for efficient sub-
strate recognition and insertion, see e.g., (167). The BamA protein consists of a
B-barrel integrated into the OM with soluble loops protruding towards the
periplasm, known as ‘polypeptide transport associated’ (POTRA) domains. The
E. coli BamA has five POTRA domains, which are involved in association with
the lipoprotein subunits and in substrate recognition (169) and insertion into the
OM (178). Recently, two crystal structures of the E. coli BamA B-barrel, and of
two additional homologs, were reported (179—181). This, together with previous
findings, has shed light on how BamA assists in the folding and insertion of
OMPs into the OM in E. coli. Two models have been suggested: the ‘BAM-
assisted model’ and the ‘BAM-budding model’ (167,182). Roughly, the BAM-
assisted model suggests that the main function of the BAM-complex is restricted
to destabilizing, or ‘priming’, the OM for subsequent spontaneous OMP folding
into the OM, thereby being responsible for localizing the OMP substrate to these
primed regions. The BAM-budding model implies a more active role of BamA
during folding and insertion. According to this model, the opening of a ‘lateral
gate’ of BamA is triggered upon recognition of the C-terminal signature se-
quence, which is presumably inserted into the cavity of the B-barrel as a hairpin
(181,183). Subsequently, POTRA domains, together with the lipoprotein subu-
nits, thread the polypeptide into the BamA [B-barrel. The lateral gate acts as a
nucleation point for the B-barrel folding of the substrate. In a last step, the sub-
strate OMP ‘buds’ off from the BamA B-barrel and is released into the lipid
bilayer. The priming function of BamA is thought to be required also in the
BAM-budding model, due to energy requirements of the insertion process.

Most proteins destined for the extracellular milieu traverse the cell enve-
lope by other mechanisms, commonly divided into six principal groups: type I -
VI. The groups differ in e.g. their targeting mode to the inner membrane and
whether they span both the IM and the OM at once or in a two-step process.
Their fates after translocation are also diverse. They can remain in the OM, be
released into the extracellular milieu or be inserted into an adjacent target cell.
For a comprehensive and recent review on Gram-negative secretion pathways,
see e.g., (184). The secretion mechanism of type Va autotransporters will be
described in section 15.
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Protein homeostasis in E. coli

To maintain protein homeostasis and to enable regulation of cellular processes,
all proteins must, at some point, be degraded. In addition, proteins can be incor-
rectly synthesized or the chaperone system can fail in its attempt to fold a sub-
strate. The dynamic properties of proteins and their surroundings may cause
unfavorable changes, which negatively affect protein structure and organization.
To maintain a healthy physiology, E. coli produces proteases and peptidases that
are involved in the degradation of all kinds of proteins and peptides, respectively
(section 9). Importantly, the chaperone-network described in section 5 also con-
tributes in the cellular combat against aggregation by functioning as “re-
foldases”. However, under stressed conditions the aggregation prone misfolded
proteins tend to accumulate to levels not tolerable for cell survival. Therefore, E.
coli has developed stress response systems, which enhances the expression of
certain genes encoding e.g. proteases and chaperones (section 10). These stress-
responses are commonly observed during recombinant protein production.

9  Protein degradation

There are five major proteolytic systems in the E. coli cytoplasm: ClpXP,
CIpAP, HslUV, Lon and FtsH. They are all ATP-dependent ATPases, of the
AAA+ type, containing one peptidase domain and one ATPase domain
(185,186). The peptidase domain is located in the inner cavity of a B-barrel
structure, which can be accessed through a narrow pore (187-192). The ATPase
domain is located at the top of the B-barrel and unfolds protein substrates prior
to their entry into the barrel. Once the protein substrate is inside the barrel, it is
exposed to the catalytic site and fragmented into smaller peptides. These peptide
fragments are then released for further degradation by peptidases.

FtsH is the only one of these proteases that has shown to be essential for
E. coli viability (due to its role in LPS synthesis) (193). This protease is further
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distinguished from the others by the fact that it is a membrane protein. It has a
soluble catalytically active domain in the cytoplasm, which is anchored to the
IM via two N-terminal TMs (190,194-197). FtsH is involved both in degrada-
tion of cytoplasmic proteins and IMPs, and appears to play a key role in quality
control of IMPs. FtsH has the ability to extract IMPs from the IM and subse-
quently degrade them (198,199). Interestingly, FtsH has been shown to degrade
SecY upon clogging of the Sec-translocon (194,200). It has been suggested that
FtsH works in close collaboration with YidC and the two ‘FtsH inhibitory pro-
teins’ HfIK and HfIC (201-203), forming a quality control network. Two other
proteases that play a role in IMP homeostasis are HtpX and GIpG. The produc-
tion of the membrane anchored HtpX is induced during the heat shock response
(described in the next section) and has been shown to have overlapping func-
tions with FtsH (204). The IMP GlpG is a thomboid protease cleaving misfolded
IMPs inside the membrane (205-207).

DegP, DegQ and DegS are the best-studied periplasmic proteases shown
to play key roles in quality control in the periplasm. These are all serine proteas-
es and belong to the ‘High temperature requirement A (HtrA)’ protease family.
HtrA proteases are important for the E. coli ‘heat shock’ stress response, de-
scribed in the following section. As mentioned before, DegP has both a chaper-
one and protease activity, but seems to mainly function as a protease (164,208—
210). Binding to specific degradation sequences induces oligomerization of
DegP, generating a cavity in which the substrate is accommodated (211,212).
Seemingly, proteins that are able to fold in this cavity are released and only
those that fail to fold will be degraded (211). DegQ appears to be highly similar
to DegP regarding mechanism and architecture (213-216). However, expression
of the gene encoding DegQ is not up-regulated upon heat shock response (213).
Also, it is believed that the ‘chaperone activity’ dominates over the ‘protease
activity’ for DegQ, as opposed by the situation for DegP (214). The third mem-
ber of the HtrA family is the essential IMP DegS, of which the proteolytic activ-
ity is also induced only upon substrate recognition (94,213,217). This protease
does, in contrast to the other two, not form higher oligomeric states. Importantly,
DegS is part of the cell envelope stress response, as described in the following
section.

One important aspect in protein degradation is substrate recognition. The
selection of proteins, native or denatured, has to be highly accurate not to harm

important cellular functions. Some proteases such as e.g. FtsH, which has a
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weak unfolding capacity (198,218), mainly recognize denatured proteins based
on hidden ‘degradation sequences’ (degrons) that only become accessible upon
misfolding of substrate proteins. Other proteases act specifically on certain (na-
tive) proteins that e.g. upon proteolysis activate cellular pathways (159,199,219—
222). This implies that some proteases exhibit more of a “quality control” func-
tion whereas others primarily function in protein homeostasis maintenance and
signaling/regulation. Notably, proteins can also be tagged for destruction. The
best known example of this is the SsrA-tagging of truncated peptides arisen due
to stalled translation (199). Further regulation of proteolysis is achieved by so-

called ‘adaptors’, which bind to and modulate the activity of proteases (199).

10 Stress responses

E. coli has developed various types of stress-responses in order to be able to
react efficiently to different kinds of adverse conditions. As mentioned previous-
ly, recruitment of RN AP to promoters is regulated by ‘c factors’. ¢ factors direct
RNAP to promoters controlling the expression of certain sets of genes (223).
These genes encode proteins and regulatory RNAs that act to combat the effects
of the stress. For the sake of clarity: Many proteins that are part of a stress re-
sponse are also produced under non-stressed conditions, via ¢’° dependent
RNAP promoter recruitment, but to lower levels (224). Here, I will describe the
E. coli stress responses that are most relevant for my PhD studies, i.e. those
involved in protein misfolding and aggregation.

The ‘heat shock response’ is orchestrated by ¢ and is triggered by e.g.
elevated temperatures and/or misfolded (overproduced) proteins (225,226).
Some of the proteins that are upregulated during the heat shock response have
previously been described: DnaKJ, GroEL, FtsH, Lon and HtpX. Additional
important heat shock response proteins are the AAA+ protease ClpB and the
inclusion body binding proteins IbpA and IbpB. Both ClpB and IbpA/B are
believed to assist DnaK in attempting to resolve protein aggregates and assisting
re-folding of misfolded proteins (227). The levels of 6 are regulated mainly on
a translational (upon elevated temperatures) and post-translational level (upon
protein misfolding and aggregation). The ¢*> mRNA has been shown to form
secondary structures, which inhibit association with the ribosome. Upon elevat-
ed temperatures, these secondary structures are resolved, which allows the syn-

thesis of 632 (228). However, the presence of misfolded proteins/aggregates can,
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independently of temperature shifts, induce the heat shock response. In this case
it is believed that the levels of 6°% are upregulated post-translationally: DnaKJ
and GroEL not occupied with a substrate (i.e. under non-stressed conditions)
sequester 632, Upon protein misfolding and aggregation these chaperones bind
unfolded substrates, which causes the release of 6°2, and thus induction of the
heat-shock response (225,229,230). Proteases may regulate 32 levels in a simi-
lar manner. FtsH and HslUV have been shown to degrade ¢°2, a process that
declines upon protein misfolding as the proteases become occupied with more
important matters (231).

There are also stress responses directly linked to cell envelope stress
(148,232). One of these is the ‘6>* induced stress response’. 64 directs RNAP to
genes encoding various periplasmic chaperones and proteases such as the previ-
ously mentioned FkpA, Skp, SurA and DegP (233-235). RNAP bound to ¢%* is
also recruited to the genes encoding both ¢*? and 6?4 (236-239). The levels of
0% are mainly regulated post-translationally. Under non-stressed conditions ¢*
is associated to the IM and upon protein misfolding/aggregation in the periplasm
a cascade reaction is triggered leading to the release of 6?4, which then can asso-
ciate with RNAP (240). The periplasmic protease DegS plays an important role
in the triggering of the cascade reaction (241).

Another cell envelope stress response is based on the CpxAR ‘two com-
ponent system’, which consists of the IM-bound sensor histidine kinase CpxA,
the periplasmic protein CpxP and the cytoplasmic regulator protein CpxR
(236,242). Under non-stressed conditions, CpxP inhibits CpxA, and upon pro-
tein misfolding in the periplasm, CpxP becomes occupied by binding to the
misfolded proteins, which subsequently leads to the activation of CpxA.
Through an autophosphorylation event, CpxA transfers a phosphate to CpxR,
which then acts as a transcriptional activator of genes encoding e.g. DegP, DsbA
and o (243-246).
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Recombinant protein production

Recombinant protein production has revolutionized life science research and
industrial biotechnology. The possibility to produce proteins in suitable host
organisms has made that cumbersome protein isolation, of e.g. medically im-
portant proteins such as insulin, from natural sources is not longer needed. Also,
it has made it possible to engineer proteins with ‘improved’ characteristics and
to equip them with e.g. tags that improve/facilitate their production, purification
and detection.

11 Recombinant protein production bottlenecks

Despite the huge potential of recombinant protein production, obtaining suffi-
cient amounts of functional protein is not always trivial. For example, the pro-
teins produced may be inactive or degraded, or yields may not be sufficient,
often due to poor growth of the host organism. Some proteins are particularly
difficult to produce. Production of membrane proteins is limited by their com-
plex biogenesis (see section 6-8) and their hydrophobic nature, which makes
them prone to aggregation upon mis-targeting. The difficulty of producing
membrane proteins is best illustrated by the low number of membrane proteins
of which the structure has been solved compared to the number of structures
solved for soluble proteins (http://www.rcsb.org/pdb/home/home.do). This de-
spite the importance of membrane proteins in health and disease: Approximately
70% of all existing drugs act on membrane proteins (247). Some soluble pro-
teins are, however, also difficult to produce, e.g. those containing disulfide
bonds, such as e.g. antibody fragments and most hormones, and therefore cannot
be folded properly in reducing environments such as the bacterial cytoplasm. In
bacteria, these proteins have to be directed into the periplasm. Many industrially
and medically valuable proteins are produced in the bacterial periplasm for yet
additional reasons, such as lower proteolytic activity and facilitated protein puri-
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fication due to a reduced number of contaminants in this compartment as com-
pared to the cytoplasm. However, just like membrane proteins, the biogenesis of
secretory proteins is complex (see section 6-8), which makes yields usually low.
It is known that one of the main bottlenecks when producing IMPs and secretory
proteins is the insufficient capacity of the Sec-translocon (124). ‘Clogging’ the
Sec-translocon leads to e.g. accumulation of misfolded proteins (including the
recombinant protein) in the cytoplasm, which leads to low cell densities due to
the toxic burden, further lowering protein production yields (124). For a thor-
ough study of the consequences of membrane protein production in E. coli, see
(124). It should be noted that there are reports that rather favor the idea that
there is no general obstacle to the production of membrane and secretory pro-
teins (248,249).

The main aim of my PhD studies has been to improve recombinant pro-
duction of membrane and secretory proteins in the Gram-negative bacterium E.
coli. For one particular application I have also used Salmonella, see section 14-
16. Here, it is important to state that, throughout my PhD studies, optimization
strategies are aimed at producing membrane proteins inserted into the mem-
brane, i.e. not in inclusion bodies (protein aggregates in the cytoplasm). Mem-
brane-integrated membrane proteins can be extracted from the membrane in a
properly folded state relatively easy with the help of detergents, whereas it is
usually impossible to isolate any properly folded material from inclusion bodies.
In the following sections I will describe different strategies for optimizing the
production of recombinant proteins in the E. coli bacterial cell envelope. First

however, I will briefly discuss alternative protein production hosts.

12 Protein production hosts

When designing a protein production strategy, the first decision to make is
whether to use a prokaryotic or a eukaryotic host. Sometimes it can also be bet-
ter to produce a protein in a ‘cell-free’ system. Due to space limitations I will
however not describe cell-free protein production, see instead e.g., (250-252).
Some elements of the protein biogenesis machineries significantly differ be-
tween eukaryotic and prokaryotic cells. Therefore, not all proteins with a eukar-
yotic origin can be successfully produced in bacteria. The prime example of this
is the lack of a glycosylation machinery in E. coli. Also, the differences in tran-
scription and translation rates between bacteria and eukaryotic organisms can
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negatively affect eukaryotic protein production in bacteria. In such cases, yeast,
insect, fungal, mammalian, or plant cells may be a better choice. When possible,
however, if the aim is to produce high quantities of protein, the use of bacteria is
usually more efficient. Bacteria grow faster, they are cheaper and easier to main-
tain/cultivate and they are physiologically and genetically less complex. Nota-
bly, bacteria can also be manipulated such that they become more suitable for
the production of eukaryotic proteins, see e.g., (253).

E. coli is by far the most commonly used bacterial protein production host,
but other bacteria have also proven to be suitable: e.g. Lactococcus lactis, Bacil-
lus subtilis, Pseudomonas ssp. Streptomyces and Mycobacterium, see e.g., (254—
257). Usually, the best-suited host is the one that is most closely related to the
organism from which the protein originates (258). It is likely that further devel-
opments will lead to an increase in the use of bacteria other than E. coli for the
production of recombinant proteins. Thus far though, the historical dominance
of the use of E. coli both as a bacterial model organism and as a protein produc-
tion host has made that the available tool-box for this organism is still superior
to that of other bacteria and to that our knowledge of this organism is un-
matched.

12.1 E. coli

E. coli, a rod-shaped, 1-2 pm long Gram-negative bacterium, is part of the mi-
crobial flora of the intestine of warm-blooded organisms and was first isolated
about one hundred years ago by the German microbiologist and pediatrician
Theodor Escherich (259,260). Existing E. coli strains range from harmless ‘la-
boratory strains’ to strongly pathogenic subspecies such as the enterohemorrhag-
ic E. coli strain EHEC. Early E. coli ancestors gave rise to the so-called B-
lineage, including BL21 and derivatives thereof, e.g. BL21(DE3), and to the K-
lineage, which includes for example MC4100 and various cloning strains (259).
In my work I have used strains belonging both to the B- and the K-lineage. It is
important to note that even strains from the same lineage can differ significantly
from each other due to the extensive manipulations that . coli has been subject-
ed to throughout the years. Thus, one must be cautious when comparing results
obtained using different strain backgrounds.
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13 Optimization strategies

Recombinant protein production requires, apart from a suitable protein produc-
tion host, also a host-compatible expression vector. The expression vector har-
bors the gene encoding the recombinant protein and other essential elements.
Carefully designing expression vectors often leads to improved protein produc-
tion (section 13.1). Another strategy to achieve improved protein production
yields is to optimize the host organism (section 13.2). Furthermore, the gene
encoding the recombinant protein can be manipulated/designed in order to en-
hance production yields or to facilitate its detection and/or purification (section
13.3). One can also screen for optimized culturing conditions (section 13.4).
Main focus will here be on those strategies that have been used for optimization

of membrane and secretory protein production.

13.1 Expression vector design

Bacteria naturally contain small circular double stranded DNA molecules,
known as ‘plasmids’, which are ‘separated’ from the chromosomal DNA. Natu-
rally occurring plasmids give the cell an advantage under certain circumstances,
e.g. the ability to produce proteins that make the cell resistant to antibiotics.
Importantly, plasmids have been exploited as expression vectors when produc-
ing recombinant proteins (Fig. 6A). The vast repertoire of genetic manipulation
and cloning techniques makes it possible to insert any desired gene/nucleotide
sequence into a plasmid.

13.1.1 Choice of promoter system

As mentioned previously, the transcription of a gene is dependent on the re-
cruitment of RNAP to its ‘promoter’ sequence, located upstream of the gene
(Fig. 6). In E. coli, promoters contain two defined regions of six nucleotides
each, located 10 and 35 nucleotides upstream of the transcription initiation site,
to which the RNAP binds (261) (Fig. 6B). Different genes have different pro-
moters, which are regulated in different ways and that have different characteris-
tics. Promoters can vary e.g. in their strength (i.e. transcription initiation fre-
quency) and in their basal (i.e. non-induced) expression. The different character-
istics of promoters affect both endogenous and recombinant protein production
levels. The binding of RNAP to a promoter requires a certain factor or com-

pound, which is specific for each type of promoter. These factors can e.g. be the
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presence/absence of a small molecule (e.g. a metabolite) or increased/decreased
temperatures. Many of the promoters used for recombinant protein production
are taken from operons involved in sugar utilization. In the following sections I

will focus on the promoters most relevant for the papers included in this thesis.
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Fig. 6. A. Schematic representation of an expression vector (plasmid). Essential elements are indicated.
B. Schematic representation of a promoter region of a sugar utilizing operon, including the binding sites
for RNAP and cAMP-CRP. The ribosome-binding site (RBS), the target gene and the translation initia-
tion and termination sites are also represented.

13.1.1.1  The lac promoter

The E. coli lactose-induced promoter (the lac promoter) (262) has been studied
in great detail and is also frequently used for recombinant protein production
(Fig 7A). In the absence of lactose, the /ac promoter is repressed by the ‘lac
inhibitor protein’ (Lacl), which binds at certain ‘operator sites’ within the pro-
moter region, as reviewed in e.g., (263). When lactose enters the cell it binds to
Lacl, which induces a conformational change leading to the dissociation of Lacl
from the operator sites and, thereby, also to the initiation of transcription of the
genes governed by this promoter (263). The genes that are naturally transcribed
from the /ac promoter encode proteins that enable lactose import (LacY) and
utilization of lactose as an energy and carbon source (LacZ and LacA). Howev-
er, when the /ac promoter is used for recombinant protein production from a
plasmid, these genes are replaced by any gene(s) encoding recombinant proteins.

Induction of expression of genes governed by the /ac promoter additional-
ly requires binding of the ‘cAMP receptor protein’ (CRP) to the so-called CRP
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binding site upstream of the two previously mentioned RNAP binding sites (Fig.
6B) (264). The ability of CRP to bind the promoter is dependent on the presence
of cAMP, which in turn depends on the glucose levels in the cell. When glucose
is absent the levels of cAMP are high, whereas upon addition of glucose the
levels of cAMP decrease, leading to that CRP is unable to activate transcription.
Thus, glucose can be used to repress expression of genes controlled by the /ac
promoter. This mechanism is common for sugar utilization promoter systems
and is referred to as ‘catabolite repression’. The purpose of catabolite repression
is to enable bacteria to utilize sugars in a sequential manner (265). Catabolite
repression is used in recombinant protein production to repress leaky promoters
prior to the desired time point for induction of expression. However, it may
sometimes be sufficient to insert a copy of the gene encoding Lacl into the
plasmid, which is a commonly used strategy to reduce background expression
(Fig. 7A). Catabolite repression is further exploited in so-called autoinduction
media, as described in section 13.4.

Importantly, also lactose-derivatives can be used for the induction of lac-
based promoters. The non-metabolized lactose analogue ‘Isopropyl B-D-1-
thiogalactopyranoside’ (IPTG) is the most commonly used inducer of /ac-based
promoters for recombinant protein production (Fig. 7A). In standard E. coli
strains, transcription rates from /ac-derived promoters are hardly titratable but
rather seem to operate in an on/off mechanism. However, in mutants lacking the
lactose transporter LacY target gene expression rates are more titratable (266).
Papers I, II and III of this thesis are based on a frequently used /ac promoter-
derived expression system. Variations of this system are described in sections
13.2.1,13.2.2.1 and 13.2.3.1.

13.1.1.2  The rhaBAD promoter

Another promoter that is used for recombinant protein production is the so-
called rhaBAD promoter, which is derived from the operon responsible for utili-
zation of the sugar L-rhamnose (Fig. 7B) (267). The E. coli rhamnose operon
contain three promoters that are activated upon addition of rhamnose (268,269):
(1) the 7haT promoter governing the expression of the gene encoding the protein
RhaT, which transports thamnose into the cell, (ii) the rhaBAD promoter gov-
erning the expression of the genes encoding the proteins RhaB, RhaA and RhaD,
which all three are involved in the utilization of rhamnose as a carbon and ener-

gy source and (iii) the rhaSR promoter governing the expression of the two
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regulatory proteins RhaS and RhaR. Upon addition of rhamnose, background
levels of RhaR activate the transcription from the 72aSR promoter. The subse-
quent production of RhaS leads to the activation of transcription from both the
rhaT and the rhaBAD promoters. In addition, excess amounts of RhaS appear to
downregulate transcription from its own promoter (269). Just like the lac pro-
moter, the rhamnose induced promoters are susceptible to glucose-mediated
catabolite repression (268). However, even in the absence of glucose these pro-
moters are still rather silent (267). This ‘tight’ feature is generally advantageous
for the production of toxic proteins such as membrane and secretory proteins. Of
the three rhamnose inducible promoters in the thamnose operon, it is usually the
rhaBAD promoter that is exploited for recombinant protein production (267)
(Fig. 7B). The protein levels produced from genes transcribed from this promot-
er correspond to the concentration of rthamnose added to the culture medium
(267). This titratable feature has been further employed for the development of
the Lemo21(DE3) protein production platform (270), as described in section
13.2.3.1. In paper IV, we made a rather unexpected observation. The correlation
between the concentration of rhamnose and protein production levels in E. coli
wild-type appear to be caused by consumption of the inducer rather than by a
gradual increase in protein production rate. This has implications for the poten-

tial of the promoter in its use for production of membrane and secretory

proteins.
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Fig. 7. A. Schematic representation of the E. coli lac operon. B. Schematic representation of the E. coli
rhamnose operon. The use of the /ac promoter and rhaBAD promoter for recombinant protein production
using plasmids is also shown. Note that binding sites for RNAP and cAMP-CRP are not shown.
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13.1.1.3  Other promoters used for recombinant protein production

In this section I will briefly describe a few other promoter systems that have
successfully been used for production of recombinant proteins in E. coli and/or
Salmonella.

The arabinose inducible promoter, araBAD, is a relatively weak promoter
that is susceptible to catabolite repression (271). The araBAD promoter-based
gene expression depends on the regulator protein AraC (272). This regulator acts
both as an activator and as an inhibitor. AraC represses transcription in the ab-
sence of arabinose and activates transcription in its presence. Arabinose can be
transported into the cell via two transporters: AraE (low affinity) and AraFGH
(high affinity) (272). In wilde-type E. coli strains the expression intensity from
this promoter is not adjustable, but rather exhibit an all-or-nothing expression
phenotype (273,274). By producing the low affinity arabinose transporter from
an arabinose independent constitutive promoter (275,276) or by substituting
both arabinose transporters with a mutant LacY (277,278), cultures are homoge-
neous, i.e. the production yield is the same in all cells in a culture.

In paper V, we used the tetracycline (tet4) promoter for the production of
the phage ‘lysis protein E’ in Salmonella (see section 12). In E. coli, the anti-
porter IMP TetA confers resistance to tetracycline (279,280). The fet operon
also encode the tetd repressor protein TetR, which regulates the expression of
tetA. The tet4 promoter is a strong and tight (i.e. non-leaky) promoter, which, in
contrast to the previously described promoters, is not susceptible to catabolite
repression (279,280). Upon addition of the non-toxic tetracycline derivative
anhydrotetracycline, TetR rapidly dissociates from the promoter, which results
in a fast responsiveness of this promoter system.

Finally, I want to draw attention to heat-inducible expression systems in E.
coli. These systems are usually based on the use of phage A promoters and are
activated by elevated temperatures, at which a heat sensitive variant of the A
repressor dissociates from the promoter, see e.g., (281). In cases where the addi-
tion of a chemical compound is undesired, heat-inducible systems may consti-

tute a valuable alternative.

13.1.2  Additional elements of an expression vector

For a plasmid to be able to replicate, and thereby be passed on to the daughter
cell during bacterial cell division, it needs the so-called ‘origin of replication’
(282) (Fig. 6A). The sequence of the origin of replication determines the copy

35



number of the plasmid. The copy number of plasmids used for protein produc-
tion can vary a lot and can affect the kinetics of gene expression. Therefore, one
may contemplate to test plasmids with different ‘origins of replication’ to opti-
mize protein production. Furthermore, not all plasmids can co-exist in the same
cell and whether two different plasmids are ‘compatible’ or not depends on the
‘origins of replication’ of the two plasmids.

Additionally, a plasmid must contain a ‘selection marker’ in order to be
maintained in the cell (Fig. 6A). The selection marker is usually a gene that
encodes a protein that gives the cell resistance to a certain antibiotic. Thus, by
adding the corresponding antibiotic to the culture medium, only the bacteria that
contain the plasmid will survive. Only in the presence of the antibiotic the cell is
forced to keep the plasmid in order to survive. Regarding the choice of an anti-
biotic selection marker, it is advisable to avoid the use of the ampicillin re-
sistance cassette when producing membrane and secretory proteins. Ampicillin
acts in the bacterial periplasm, and thus, the protein that confers the resistance to
ampicillin (B-lactamase) has to traverse the IM, increasing the risk of saturating
the Sec-translocon. Furthermore, B-lactamase tends to leak out from the
periplasm into the surrounding medium, which causes the inactivation of ampi-
cillin and thus makes this system rather unstable.

In line with attempts to reduce the use of antibiotics world-wide, alterna-
tive selection strategies are being developed. In paper V, I made use of mutant
strains lacking the gene asd, which encodes a protein that is essential for cell
survival due to its crucial role in peptidoglycan synthesis (283). Unpublished
observations showed that these strains could be used for protein production in an
antibiotic-free manner, by replacing the antibiotic resistance marker with the
asd-gene. Antibiotics can also be avoided if the gene encoding the recombinant
protein is located on the chromosome. Also, toxin-antitoxin systems can be used
as alternatives to antibiotic-based systems (284).

Another important factor to consider when designing an expression vector
is the position and sequence of the ‘ribosome binding site’ (RBS) (Fig. 6B),
referred to as the ‘Shine-Dalgarno’ (SD) sequence. The SD-sequence is located
upstream of the start codon of the gene and downstream of the transcription
initiation site. Upon transcription, the SD-sequence in the mRNA will base pair
with the anti-SD sequence on the 16S rRNA of the small ribosome subunit
(285). If these sequences are highly similar, translation initiation is efficient

whereas the use of an SD-sequence that differ from the E. coli anti-SD-sequence
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will result in less efficient translation initiation and thus lower protein produc-
tion rates. The distance between the RBS and the start codon also affects the
efficiency of translation initiation and it has been shown that a distance of ap-
proximately eight nucleotides leads to the highest efficiency of translation initia-
tion (285). Any strong secondary mRNA structures (i.e. hairpins) should be
avoided since these disrupt accessibility of the mRNA to the ribosome, see e.g.,
(286).

13.2  Optimization of the protein production host

As discussed in section 11, protein production in E. coli can be cumbersome.
Therefore, attempts have been made to improve E. coli as a protein production
host. Here, I will describe some of the most successful developments and im-
portant findings regarding the optimization of E. coli for the production of

membrane and secretory proteins.

13.2.1 The BL21(DE3)/pT7 protein production platform

In paper III of this thesis, protein production is driven by the frequently used
lac-promoter-derived BL21(DE3)/pT7 protein production platform, developed
by Studier and colleagues in the early 80’s of the last century (287) (Fig. 8).
Notably, this platform was in first instance developed for production of soluble
proteins rather than for production of membrane and secretory proteins. The E.
coli strain BL21 is devoid of two major proteases, OmpT and Lon, which can
interfere with protein production (288,289). With the help of the A-derived
phage ‘DE3’, the gene encoding the phage’s RNAP, ‘T7 RNAP’, was integrated
into the genome of BL21, resulting in BL21(DE3). T7 RNAP only recognizes
T7 bacteriophage specific promoters, which are not naturally occurring in the E.
coli genome and not recognized by the endogenous E. coli RNAP. T7 RNAP
transcribes genes about five to eight times faster than the E. coli RNAP (290).
The T7 RNAP itself is produced from a gene transcribed by the E. coli RNAP,
under the control of the strong lac-derived lacUVS5 promoter (291,292). To ex-
ploit the T7 RNAP for recombinant protein production, the gene encoding the
target protein is placed on an expression vector (pT7) under the control of a
T7lac hybrid promoter (Fig. 8). This hybrid promoter is composed of the T7
promoter and a Lacl-operator site, to keep the promoter ‘silent’ prior to induc-
tion (293). Thus, upon addition of e.g. IPTG, T7 RNAP is produced to high

levels and subsequently used to drive the expression of the target gene from the
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now also available T7/ac hybrid promoter (Fig. 8). The BL21(DE3)/pT7 system
generates high levels of mRNA of the target gene upon the addition of IPTG.
This is often favorable for soluble protein production. However, when producing
membrane or secretory proteins, this high load of mRNA often leads to protein
accumulation rates that are higher than what the capacity of the biogenesis ma-
chinery of IMPs and secretory proteins can manage. This results in, amongst
other things, target protein aggregation and poor growth of the host (124,270).
To reduce the mRNA levels, a common approach is using the so-called pLysS
and pLysE plasmids to co-express the gene encoding T7 lysozyme, which is a
natural inhibitor of the T7 RNAP (294).
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Fig. 8. Schematic representation of the BL21(DE3)/pT7 protein production system.

13.2.2  Isolation of improved E. coli protein production hosts

E. coli can accumulate mutations that can lead to variants with improved mem-
brane and secretory protein production characteristics. The prime example is the
isolation of the so-called Walker strains, as described in the following section.
There are also other examples of the isolation of E. coli strains with improved
membrane and/or secretory protein production characteristics, which also will be

described but more briefly, in the subsequent section.

13.2.2.1 Isolation of the Walker-strains

The limitations of the BL21(DE3)/pT7 system for the production of toxic pro-
teins such as membrane proteins were recognized early on by Miroux and Walk-

er (295). In an attempt to isolate mutants able to efficiently produce toxic pro-
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teins, they exposed BL21(DE3) to the production of the bovine oxoglutarate
malate carrier protein (OGCP), which naturally resides in the mitochondrial IM.
Upon addition of IPTG to BL21(DE3) cells that harbored the gene encoding
OGCP on a T7 promoter-based vector most cells died as a consequence of the
toxicity caused by the production of OGCP. Screening for surviving (i.e. IPTG
resistant) cells that still produced OGCP upon the addition of IPTG, led to the
isolation of the first Walker-strain, C41(DE3). Subsequently, in a similar man-
ner, C41(DE3) was screened for its ability to produce the E. coli IMP
FoF1ATPase subunit b. The production of this protein is highly toxic even to
C41(DE3). This led to the isolation of the second Walker-strain, C43(DE3).

The use of the Walker-strains is not limited to the production of the target
proteins used during their isolation, but they have been proven useful for a large
set of difficult-to-produce proteins (295,296). It is now known that the main
mutations responsible for the improved performance of C41(DE3) and
C43(DE3) are located in the sequence of the /acUVS5 promoter, which controls
the expression of the gene encoding T7 RNAP in BL21(DE3) (270). Important-
ly, these mutations convert the lacUV5 promoter into a much weaker promoter.
Consequently, the levels of T7 RNAP, upon addition of IPTG, are much lower
in the Walker strains than in BL21(DE3), which results in a lower expression
rate of the gene encoding the target protein. Therefore, the capacity of the pro-
tein biogenesis machinery is not saturated in the Walker strains. This finding led
to the development of the protein production strain Lemo21(DE3) (270), as
described in section 13.2.3.1. Furthermore, Schlegel and colleagues could re-
cently show that the mutations in the lacUV5 promoter occurred by recA de-
pendent recombination between the wild-type lac promoter and the /acUVS5
promoter (297). Importantly, C43(DE3) has additional mutations in the lacl
copy of the DE3 region, resulting in a Lacl variant that binds stronger to its
operator site. This lowers basal expression levels of the target gene and results in

a slower induction of target gene expression upon the addition of IPTG (298).

13.2.2.2  Isolation of other E. coli protein production hosts

Not surprisingly, also other mutants better suited for the production of mem-
brane and secretory proteins than wild-type E. coli have been isolated. In some
cases, mutagenesis has been facilitated by the use of e.g. transposons or chemi-
cals (mutagenic agents), whereas others rely on the spontaneous occurrence of

mutations, like in the case of the isolation of the Walker-strains.
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In a recent study carried out by Gul and colleagues (299), four different E.
coli strains (NG2, NG3, NG5 and NG6) with enhanced membrane protein pro-
duction characteristics were generated upon overproduction of different IMPs.
These four strains were isolated using a selection strategy in which green fluo-
rescent protein (GFP) was used as a folding reporter (see section 9.3.2.1) and the
erythromycin resistance protein (ErmC) was used to select for increased IMP
production by culturing cells in the presence of increasing amounts of antibiotic.
Common to all four strains is that they all carry different mutations in the gene
encoding the protein H-NS (299). A potential explanation behind the improved
performance of these strains may be that the transcription of genes involved in
the membrane protein biogenesis machinery is altered due to the role in tran-
scriptional silencing of H-NS.

Another example is the isolation of the so-called EXP strains (300). Here,
mutagenesis was forced both by chemical means and by using a strain in which
the DNA polymerase proofreading function was deficient. The gene encoding
the target membrane protein was simultaneously expressed from two separate
plasmids. On one plasmid the target gene was fused to a gene encoding the pro-
tein that renders bacteria resistant to kanamycin and on the other plasmid to a
gene that renders bacteria resistant to trimethoprim. Thus, clones with improved
membrane protein characteristics could easily be selected by the ability to grow
on increasing amounts of these two antibiotics. The cause behind the improved
performance of these strains is not understood, but for one of the strains it is
known that the copy number of the plasmid used for the recombinant protein
production was lowered. Thus, it appears likely that the explanation, in that case,
is linked to a reduced load on the biogenesis machinery (300).

Other means to induce genetic modifications with the aim of isolating
superior protein production host strains is the use of transposon-mediated muta-
genesis. This is exemplified by a study where the aim was to improve the pro-
duction of a certain G-protein coupled receptor (GPCR) (301). The GPCR was
fused to GFP (see section 13.3.2.1) enabling the isolation of clones with im-
proved GPCR production characteristics by fluorescence activated cell sorting
(FACS). A strain in which a transposon insertion had interrupted the gene en-
coding the DnaK co-chaperone DnalJ was found to exhibit an improved ability to
produce the GPCR. Potential explanations behind the improved production
characteristics of this strain may be that DnaJ otherwise competes with the tar-
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geting factor SRP for binding to the signal anchor sequence of the GPCR or that
Dnal is involved in the degradation of this particular target protein (301).

In a subsequent study published by the same authors it was found that co-
expressing the ybaB gene, which encodes a putative DNA-binding protein
(YbaB), led to a prominent increase in the production levels of several IMPs
(302). This result was found after screening the co-expression of a library con-
taining all known E. coli open reading frames. Since transcription of ybaB is
mediated via 6, it is likely that its co-expression positively affects the quality
control of overproduced IMPs (302). In this study the target proteins were fused
to the gene encoding [-lactamase, rendering bacteria resistant to increasing
amounts of ampicillin.

Yet more recently, the same research group published a study in which
they screened for improved GPCR production by co-expressing a library of
approximately 107 different E. coli chromosomal fragments (249). Here, selec-
tion of clones was based on two parallel systems, one monitoring production
levels by fusing the GPCR to GFP and the other monitoring activity of the
GPCR via binding to a fluorescent ligand. Co-expression of three different gene
fragments resulted in improved GPCR production: the nagD, nipD genes and the
ptsN-yhbJ-npr gene cluster. Since it was observed that some of the stress-
response-related genes were upregulated upon the co-expression of nagD and
nlpD, one possible mechanism by which the co-expression of these gene frag-
ments improves yields of functional GPCRs could be that it “primes’ the cell for
the production of IMPs (249).

A screening method for the generation of strains with improved perfor-
mance of producing secretory proteins (scFv antibody fragments) was developed
by Chen and colleagues (303). In this method (periplasmic expression with cy-
tometric screening (PECS)), E. coli cells producing scFvs in the periplasm are
incubated with a fluorescent conjugate of the target ligand, which can traverse
the OM and bind to the scFv of concern (which cannot leak out from the
periplasm). Only ligands that are bound to its corresponding scFv are retained in
the periplasm. Subsequently, the cells exposing the highest fluorescence are
selected using FACS. This method was later used in combination with exposing
cells to a mutagenic agent to isolate strains with improved full-length antibody
(IgG) production characteristics (304).
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13.2.3  Developing E. coli hosts via targeted engineering strategies

If the factors that limit the production of a certain type of protein are known, one
may use targeted engineering approaches to develop E. coli strains with im-
proved protein production characteristics. Such strategies can be e.g. co-
production of certain chaperones (section 13.2.3.3) or deletion of genes encod-
ing proteases known to negatively affect protein production yields (section
13.2.3.2). Other approaches can involve modifications of the recombinant pro-
duction regime, which can lead to altered protein production kinetics that results

in improved protein production yields (following section).

13.2.3.1  Tuning membrane protein production rates in Lemo21(DE3)

It has become clear that fine-tuning protein production rates provides an effi-
cient strategy to overcome bottlenecks in the production of both membrane and
secretory proteins (305-311). This is further supported by the development of
the Lemo21(DE3) strain, as described below, and by papers I-IV of this thesis.
The sequence of the gene encoding the target protein can also be modified to
decrease transcription and/or translation rates, as discussed in section 13.3.

The development of the Lemo21(DE3) strain (Fig. 9), used in papers I and
II, was influenced by the characteristics of the Walker-strains (270).
Lemo21(DE3) is a BL21(DE3)-derivative and thus, the gene encoding the re-
combinant protein is placed under a T7/ac promoter on a pT7 vector and is tran-
scribed by the chromosomally encoded T7 RNAP, which itself is under the con-
trol of the IPTG inducible lacUVS5 promoter (see section 13.2.1). The advanta-
geous feature of Lemo21(DE3) is that protein production rates can be tuned
precisely, which makes that this strain is suitable for the production of a wide
range of increasingly ‘toxic’ targets (270,312). The key behind the tunable char-
acteristics of Lemo21(DE3) is the rhaBAD promoter-based co-expression of the
gene encoding T7 lysozyme, a natural inhibitor of T7 RNAP, from a plasmid
named pLemo (Fig. 9). As previously mentioned, levels of proteins expressed
from the rhaBAD promoter depend on the concentration of the inducer rham-
nose (see section 13.1.1.2). Thus, the levels of T7 lysozyme, and thereby also
the activity of T7 RNAP and the protein production rate, depend on how much
rhamnose is added to the culture medium (Fig. 9). By varying the concentration
of thamnose, an optimal protein production rate can be found for each protein
target. At this “sweet-spot” the Sec-translocon is not saturated, which leads to
optimal protein production yields.
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Fig. 9. Schematic representation of the Lemo21(DE3) strain. For comparison of the Lemo21(DE3)
strain with the BL21(DE3) strain, see also Fig. 8.

13.2.3.2  Generation of knockout strains

If a certain protein is likely to negatively affect protein production yields, one
may delete the gene encoding the protein of concern. In paper IV of this thesis,
genes of the rhamnose utilizing operon have been deleted/inactivated in favor of
a more controlled protein production regime of the rhaBAD promoter.

In a study by Nannenga and Baneyx it was shown that deleting the gene
encoding TF from the E. coli genome had beneficial effects on the recombinant
production of some IMPs (313). In line with the reasoning regarding the trans-
poson insertion in the gene encoding Dnal, as mentioned in section 13.2.2.2, the
authors suggested that the improved performance of the TF deficient strain is
due to a reduced competition with SRP. However, co-production of SRP did not
improve production yields. Also for secretory protein production it has been
shown that the deletion of the gene encoding TF leads to higher protein produc-
tion yields (314).

Membrane protein production yields could be improved in E. coli strains
in which genes of the phosphoenolpyruvate:phosphotransferase system (PTS)
were deleted (315). These mutants had a slower growth rate and accumulated
lower levels of acetate. The inhibitory role of acetate accumulation in production
of IMPs was corroborated by the observation that the ‘low-acetate-producing
strain” BL21(DE3) (316) could also produce the IMPs used in the study.
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When producing proteins in the periplasm, or on the surface of the OM,
production yields have, in some cases, been shown to be limited by proteolytic
activity, see e.g., (317-319). In these cases, the use of mutants lacking one or
more proteases can be beneficial (320). It has also been shown that inactivation
of the heat shock response by deleting the gene encoding ¢°? can lead to im-
proved protein production yields in the periplasm (320,321). It should however
be kept in mind that the deletion of proteases (and chaperones) can result in
lower quality of the protein produced. This is exemplified by a study in which it
was shown that DegP is necessary for the secretory production of functional
alkaline phosphatase (PhoA) (322). Furthermore, the use of deletion mutants can
increase the leakiness of secretory proteins into the surrounding media (323).
Secretory proteins can also be produced in OM vesicles by the use of ‘hyper-

vesiculating’ deletion mutants, such as the ones used in (324).

13.2.3.3  Co-production of protein biogenesis factors

The opposite of deleting a gene encoding a protein that negatively affects pro-
tein production is to co-express a gene encoding a protein that is likely to im-
prove production yields. It can be a component of the protein biogenesis ma-
chinery or another factor specifically assisting the production of a certain pro-
tein. Again, note that I only will focus on examples dealing with the production
of membrane and secretory proteins.

In an attempt to increase the production levels of five different human
GPCRs, different components of the Sec-translocon and of the chaperone ma-
chinery assisting IMP biogenesis were co-produced (325). This exercise resulted
in the finding that the IMP protease FtsH can improve production yields of this
kind of membrane proteins significantly, whereas co-production of FtsY,
SecYE, DnaKlJ, SecB, GroEL/ES and TF had only modest positive effects. The
increased levels of FtsH did however not result in more active recombinant pro-
teins. Corroborated by a subsequent study, the authors attribute the beneficial
effect of overproduction of FtsH to an additive induction of heat-shock related
genes, which “primes” the cell for the production of the GPCR of interest
(325,326). This is in line with the reasoning regarding the co-production of
NagD and NlIpD, as mentioned in section 13.2.2.2.

Chen and colleagues could show that the co-production of DnaK and DnalJ
resulted in higher levels of membrane-integrated CorA, an E. coli magnesium

transporter (327). The increase in levels of properly folded CorA was mainly
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explained by a reduction of inclusion body formation of this target upon its
overproduction. Co-production of the targeting factors SRP, SecB and SecA
negatively affected CorA-levels. The results of this study are - to some extent -
contradicting the study in which it was found that a transposon mediated disrup-
tion in the gene encoding Dnal] was beneficial for GPCR production (301), as
discussed in section 13.2.2.2. This discrepancy is probably due to the strongly
protein target dependent effect of co-expressing or deleting genes on production
yields.

In the study in which it was shown that deleting the gene encoding TF
could improve IMP production yields, as mentioned in section 13.2.3.2, it was
also observed that the co-production of YidC in some cases led to a higher
amount of membrane-integrated IMPs (313). Although the co-production of
SRP has not shown to positively affect IMP production (313,327), it appears to
increase yields of co-translationally translocated produced proteins in the
periplasm (314,328). These differences may be explained by that the main bot-
tleneck of the targets produced in these different studies is not the same.

Co-production of folding catalysts and chaperones, both cytoplasmic and
periplasmic, has been extensively studied for production of periplasmic proteins
(304,329-331). The co-production of DsbC when producing proteins containing
disulfide bonds, such as antibodies and antibody fragments, i.e. scFvs and Fabs,
has proven especially successful (332-335). For additional strategies on improv-
ing disulfide bond formation in the periplasm, see e.g., (149). It has also been
shown that co-production of FkpA, Skp and SurA can improve secretory protein
production yields of e.g. antibody fragments in E. coli (335-338).

13.2.3.4  Disulfide bond formation in the E. coli cytoplasm

An alternative approach to produce disulfide bond-containing proteins in E. coli
is to engineer strains that allow for disulfide bond formation in the cytoplasm.
There are different ways of how disulfide bonds can be obtained in the cyto-
plasm (149): (i) disruption of the main reducing pathways of E. coli by deleting
the gene encoding glutathione reductase (339) and/or thioredoxin reductase
(340), together with suppressor mutations in the gene encoding alkyl hydrop-
eroxidase (341,342), (ii) co-production of the mitochondrial intermembrane
space sulthydryl oxidase (Ervl) (343,344) or (iii) redirecting the native
periplasmic Dsb-system such that DsbA is produced in the cytoplasm and the
topology of the IMP DsbB is inverted (345). Additionally, producing DsbC in
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the cytoplasm facilitates the biogenesis of proteins containing multiple consecu-
tive disulfide bonds (341,344,346). Some of these approaches have generated
commercially available strains, e.g. Origami (342) and SHuffle (346).

13.3 Modifying the target protein and the gene encoding it

Rather than manipulating the protein production host, the target protein can
itself be modified by altering the sequence of the gene encoding it (section
13.3.1) or by the use of N- or C-terminal tags (section 13.3.2). Whatever the
modification, one should always keep in mind that it may affect the fold-

ing/function of the protein in one way or another.

13.3.1 Protein engineering and codon optimization

Modifying the sequence of the gene encoding the target protein is a common
approach to improve protein production and/or purification. This can be done
such that the amino-acid sequence is altered or by substituting rare codons with
synonymous codons, more frequently used in the current host organism, leaving
the amino-acid sequence unaltered. Also, the sequence upstream of the start
codon of the gene can be manipulated to affect transcription- and/or translation
initiation. I will first briefly describe some of the numerous reports of successful
amino-acid substitutions resulting in improved production yields followed by a
short paragraph on how synonymous codon usage, or modification of the se-
quence upstream of the start codon of the gene, have been used for optimizing
membrane and secretory protein production.

It is difficult to predict which amino-acid substitutions will be beneficial
for production of the target protein. Therefore, proteins with optimized amino-
acid sequences are often generated via directed evolution approaches or random
mutagenesis. Large libraries of sequences can be generated by e.g. error-prone
PCR, recombination techniques, chemical mutagenesis or by using proofreading
deficient DNA polymerases. To select the desired mutants from these large li-
braries efficient selection methods are required. One example of a recently de-
veloped selection method is the ‘cellular high-throughput encapsulation, solubil-
ization, and screening method’ (CHESS) (347). This method was specifically
developed for the generation of functional GPCRs with improved stability in a
given detergent and the simultaneous isolation of the DNA carrying the gene
encoding the ‘superior’ GPCR. The CHESS method has successfully been used

for isolating CPCRs suitable for crystallization, see e.g., (348). Increased deter-
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gent stability of IMPs is crucial for purification and structural analysis and is a
field of extensive activity, pioneered by the laboratory of James Bowie, see e.g.,
(349). Two recent reviews of the field of increasing stability of IMPs (GPCRs in
particular) nicely covers the evolution of this field, see (350,351). The increase
in IMP stability is often accompanied with higher production levels of the target
protein, which have been attributed to enhanced IM insertion efficiency and/or
reduced protein degradation, see e.g., (352,353).

Random mutagenesis or directed evolution approaches are useful when
pre-existing knowledge of how to improve certain protein characteristics is lack-
ing. More rational designs have been achieved by computational strategies as
exemplified by a study where advantage was taken of a pre-existing GPCR crys-
tal structure for predicting stabilizing mutations (354). Another more controlled
manner of changing the sequence of the gene encoding the target protein is the
use of alanine scanning. Here, all residues in the protein are exchanged one by
one to alanine, and the different mutants are then probed for its improved per-
formance. This approach has successfully been used for the generation of more
thermostable GPCRs, see e.g., (355).

The coding sequence of a protein can also be modified without changing
its amino-acid sequence: there is more then one codon for each amino acid and
the use of a certain codon can be abundant in one organism whilst it is rare in
another. A gene with many abundantly used codons has a high ‘codon adapta-
tion index’ (CAI), whereas a gene containing many rare codons has a low CAI.
The occurrence of a certain codon in an organism is correlated with the concen-
tration of the respective tRNA in the cell (356). The CAl, together with occur-
rence of mMRNA secondary structures, thus affects protein elongation rate (356—
358). Some codon optimization strategies therefore aim at increasing the CAI as
much as possible. Synonymous codon substitutions can, however, negatively
affect mRNA stability, mRNA structure, translation initiation and/or elongation
and protein folding (359). Thus, codon optimization must be done with care.
Rather than optimizing codon usage in order to increase the elongation rate one
must consider other important features. For example, it was recently observed
that translation elongation of membrane proteins is paused at certain sites to
facilitate membrane insertion (360). Also, various studies have shown that clus-
ters of rare codons are crucial for co-translational folding, see e.g., (356). Codon
optimization strategies that mimic the original elongation rate profile of the gene

seem to be the most promising approach to use.
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It has been shown that the rate-limiting step in protein synthesis is transla-
tion initiation rather than elongation. The effect of CAI seems to rather play a
role in global fitness of the cell: Genes with low CAI give rise to ribosome
stalling, which leads to that endogenous essential proteins cannot be synthesized
(361). Thus, changing the nucleotide sequence at the region of translation initia-
tion may be more efficient to modify the protein accumulation rate rather than
optimizing the codon usage. Recent studies point towards that the degree of
mRNA folding around the translation initiation site is the main determinant of
the rate of translation initiation, as assessed via GFP fluorescence accumulation
(361,362). Thus, the idea is that a lower degree of mRNA folding at the transla-
tion initiation site leads to higher levels of recombinant protein production.
However, these results may be a consequence of unusually strong mRNA sec-
ondary structures in the reporter genes used (gfp). Simmons and Yansura tested
the effect of translation initiation strength on production levels of secretory pro-
teins in the periplasm by using a library of vectors with modified translation
initiation regions. It was observed that production levels of heterologous secre-
tory proteins were improved by optimizing the translation initiation frequency
for each target protein (309). Similar approaches can also improve the produc-
tion of membrane proteins (286,363). Furthermore, by the use of transcriptional
fusions upstream of the gene encoding the target protein membrane protein pro-
duction levels could be dramatically improved (364). How this relates to protein
synthesis rate is however not yet clear. Interestingly, in a study where random
synonymous codons at the 5’ coding region were screened for improving the
activity of a cytoplasmic exocellulase protein, rather than for production levels
of GFP (compare to (361,362)), no trend towards relaxed mRNA structure and
thus faster translation rates, could be found (365).

13.3.2  Fusion partners and tags

A fusion partner is usually attached either to the N-terminus or to the C-terminus
of the target protein. The position of the fusion partner is important since the N-
terminus of membrane and secretory proteins contains the information required
for proper targeting and insertion/translocation across the IM. Thus, care must
be taken when designing N-terminal fusions in order not to compromise the
biogenesis of the target protein. Design of fusion strategies in the case of mem-
brane proteins is also affected by the topology of the target IMP, i.e. in which
compartment the fusion partner will end up.
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Some of the most frequently used N-terminal fusions when producing
membrane proteins are e.g. ‘maltose binding protein’ (MBP) and ‘mistic’. MBP
has been shown useful to equip heterologous membrane proteins with a target-
ing signal recognized by the E. coli targeting machinery, see e.g., (366,367), but
has also been shown to increase yields of IM-integrated IMPs in general and to
facilitate their purification, see e.g., (368). Notably, MBP can be targeted to the
Sec-translocon both co- and post-translationally. Mistic is a small hydrophobic
protein from Bacillus subtilis that has been used successfully for enhancing the
efficiency of membrane integration of heterologous membrane proteins
(369,370). The mistic-mediated integration of IMPs into the IM appears to be
independent on the Sec-translocon. Thus, the use of this tag may lead to that
some of the main bottlenecks in membrane protein production are avoided (370—
372). However, it appears as if the activity of IMPs can be negatively affected
by mistic (373). The so-called N-terminal PRCBD-tag was used for the produc-
tion of a functional YidC homologue and is targeted in a SRP-dependent manner
to the Sec-translocon (306). This tag was constructed by combining the M13
phage major coat protein and one TM of E. coli Lep. Recently discovered pro-
teins shown to be useful as N-terminal fusion partners for membrane protein
production are bacteriorhodopsin and B-lactamase (249,302,374). However, the
use of B-lactamase is thus far not known to increase IMP production levels but is
rather used as a tool to monitor membrane protein topology. Furthermore, the
use of different N-terminal ‘leader sequences’ has been shown to improve mem-
brane protein production yields by reducing translation rates (307). Thioredoxin
and GFP (see the following section) are frequently used C-terminal fusions and
are thought to improve IMP production levels by increasing their stability. B-
lactamase has been used as a C-terminal fusion partner of secretory proteins to
probe proper folding in the periplasm (375). Furthermore, N-terminally fusing
MBP to secretory proteins can improve yields in the periplasm, as exemplified
by (317). However, N-terminal fusions to secretory proteins are mainly repre-
sented by the use of different signal sequences. This will be described in section
13.3.3.

13.3.2.1  The GFP pipeline

The use of the jellyfish protein ‘green fluorescent protein’ (GFP) as a C-terminal
fusion partner for monitoring production levels and topology of membrane pro-

teins was first described by Drew and colleagues (376). It was based on the ob-
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servations that the GFP moiety of the fusion only folds correctly, and thus fluo-
resces, on the cytoplasmic side of the membrane and not on the periplasmic side
(377). Importantly, when IMP-GFP fusions are not correctly inserted into the
membrane but instead form inclusion bodies in the cytoplasm, the GFP moiety
does not fold properly, and does thus not fluoresce (378). GFP is a very stable
protein and can easily be monitored in whole cells and can be detected in stand-
ard SDS-PAGE allowing for determination of the integrity of the IMP-GFP
fusion, see e.g. (379). Also, the use of GFP as a C-terminal tag accelerates opti-
mization of membrane solubilisation and purification strategies (380) and ena-
bles the use of fluorescence-detection size-exclusion chromatography (FSEC)
for evaluation of the quality of IMP-GFP fusions (381). GFP can also be utilized
to monitor protein production homogeneity of cell cultures and to determine
protein production per cell using flow cytometry. Geertsma and colleagues took
advantage of the folding properties of GFP and developed a method that allows
to quantify not only the fluorescent IM-integrated IMP-GFP fusions, but also of
non-fluorescent aggregated material (382). Thereby, optimization of IMP pro-
duction not only relies on increasing properly folded IMPs, but also on decreas-
ing the pool of IMPs not inserted into the IM. The distinction is based on differ-
ential migration rate of folded versus aggregated IMP-GFP fusions upon analy-
sis by SDS-PAGE. The GFP-pipeline is extensively used in papers I-IV of this
thesis.

One limitation of the GFP-pipeline is that only those IMPs with a topolo-
gy such that the C-terminus is located on the cytoplasmic side of the membrane
can be detected. However, it has been shown that the majority of E. coli IMPs
have such a topology (383). Furthermore, IMPs with the opposite topology can
be converted by simply adding one more TM to the C-terminus (384). Recently,
the development of the bimolecular split-GFP complementation system has
made it more feasible to also monitor the topology of the N-terminus. Here, only
a 16 residue long fusion is required, which is thought to disturb target-
ing/translocation less than a fusion to the complete GFP protein (385). It should
also be noted that other variants of fluorescent proteins have been developed
with altered folding characteristics enabling also proper folding in the periplasm,
e.g. superfolder GFP (386). Superfolder GFP is used in papers Il and IV of this

thesis as a model protein for secretory protein production.
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13.3.3  The use of different signal sequences for secretory proteins

As described in section 6, the choice of targeting pathway to the Sec-translocon
depends mainly on the hydrophobicity of the N-terminal signal sequence of the
polypeptide emerging from the ribosome exit tunnel. The production of
periplasmic proteins can sometimes be improved by increasing the hydrophobi-
city of their signal sequences and thus re-routing their IM targeting from the
SecA/SecB-dependent pathway to the SRP-dependent pathway (63,68,69). This
is often due to that the risk of misfolding/aggregation in the cytoplasm is lower
during co-translational translocation, see e.g., (329,387). However, different
signal sequences destined for co-translational translocation can differ in their
ability to promote high-level production of proteins in the periplasm. Thus, the
selection of signal sequence for secretory protein production is important. The
use of also heterologous signal sequences has in some cases shown to improve

protein production in the periplasm (388).

13.4 Culture conditions

Another important factor when optimizing protein production protocols is the
way the production host is cultured. One may modify e.g. temperature, composi-
tion of culture medium, gene expression induction strategy, feeding method
(batch versus fed-batch), culturing volume or aeration. Here, I will mainly ad-
dress the use of different culture media.

The use of different kinds of media will affect the physiological state of
the host, which can lead to altered cell densities and production yields. Some
media are better suited for incorporation of labeled amino acids whilst others
have been optimized for e.g. straightforward upscaling or ’autoinduction’. E.
coli cells, producing recombinant proteins, are routinely cultivated in the enzy-
matic casein digest- and yeast extract-based culture medium Lysogeny Broth
(a.k.a. LB medium), which is the culture medium most frequently used for the F.
coli-based production of membrane proteins for structural studies
(http://blanco.biomol.uci.edu/mpstruc/). Other commonly used complex media
are e.g. Terrific broth and 2xTY, both also based on enzymatic casein digest and
yeast extract. There are also media where the components are well-defined. The
main example of his is the minimal medium M9, consisting of essential salts to
which desired carbon/energy sources, metals, amino acids or vitamins can be
added. In paper II, a set of complex and defined media was used to screen for
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improved membrane protein production in C43(DE3) and Lemo21(DE3) cells.
Here, it was shown that the use of the minimal ‘PASM-5052" autoinduction
medium was best suited for membrane protein production. Also other studies
support the finding that the use of autoinduction media can improve membrane
protein production, see e.g., (389,390). The key principle of autoinduction media
is based on glucose mediated catabolite repression, here described in the context
of lac-promoter based expression. Induction of expression of the gene encoding
the recombinant protein, and of the chromosomally located lacY, lacZ and lacA
genes, is first repressed by the presence of glucose (see section 13.1.1.1). This
enables cells to grow in the absence of the toxic burden imposed by recombinant
protein production. When the cells have consumed all the glucose, repression of
the lac-based promoters is released, which leads to expression of the genes of
the /ac-operon. Production of LacY enables the cells to take up lactose, which
subsequently leads to full induction of the gene encoding the recombinant pro-
tein. In this way, induction of the recombinant protein is thought to be ‘smooth-
er’ than upon IPTG-mediated induction. William Studier was the first to develop
autoinduction media by carefully examining the effect on protein production by
the use of different components (391). In a subsequent study using autoinduction
media developed by Studier for production of membrane proteins it was shown
that it is beneficial to decrease the concentration of lactose in the media (389),
which is in line with the idea that reducing protein production rates leads to
improved membrane protein production yields. Notably, most autoinduction
media are glycerol-based. It has been noticed that, while supporting high cell
densities, the induction in glycerol-based autoinduction media is negatively
affected by high aeration levels. Ukkonen and colleagues therefore developed a
more robust autoinduction formulation based on a fed-batch like slow glucose
feed to the culture media (392). Another strategy to circumvent the aeration
sensitivity of glycerol-based autoinduction media is the somewhat contradictory
addition of IPTG during exponential growth, as presented in paper II of this
thesis.

It has been observed that M9-minimal medium can lead to improved pro-
tein secretion into the periplasm and to the OM surface as compared to LB-
medium (310,319,388). This effect was, in some cases, attributed to a lower
growth rate in the M9-medium allowing to balance target gene expression levels

with the protein secretion capacity of the cell.
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Autotransporter-mediated surface display

In paper V of this thesis we have simultaneously produced the lytic bacterio-
phage $X174 membrane protein E, which converts Gram-negative bacteria into
ghosts (see section 16), and the E. coli autotransporter hemoglobin protease-
derived surface display platform (HbpD) in E. coli and Salmonella. The co-
production of these two different membrane proteins can be used for the genera-
tion of multivalent vaccine platforms that are supposedly safer than live vac-
cines based on attenuated pathogens. In the following sections I will introduce
the Gram-negative bacterium Salmonella typhimurium and the two aforemen-

tioned types of membrane proteins and their role in vaccine development.

14 Salmonella typhimurium

Salmonella was isolated more than a hundred years ago by Theobald Smith and
Daniel E. Salmon and is just like E. coli a Gram-negative bacterium that has
been extensively studied (393,394). Salmonella is rod-shaped and 1-2 um long,
and has thus a very similar morphology as compared to E. coli. Salmonella
typhimurium (S. typhimurium), used in our study, is a serovar of the species
Salmonella enterica (395). Most Salmonella strains are highly pathogenic and
cause gastroenteritis and typhoid fever in humans and other mammals. However,
attenuated derivatives have been isolated which are suitable for laboratory work
as well as for vaccine development. The immune-stimulatory properties of this
bacterium have proven to be very suitable for development of bacterial based
vaccines (394,396,397). Therefore, we chose, in addition to E. coli, an attenuat-
ed derivative of S. typhimurium (398) as a host for the dual membrane protein
production strategy. Antigens from Mycobacterium tuberculosis were used as

model antigens for surface display.
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15 Autotransporters

Gram-negative bacteria have evolved various mechanisms to secrete proteins
across the cell envelope (184). One of the most widely distributed and simple is
the type V secretion mechanism, which contains five similar but distinct sub-
groups. They are all exploited by bacteria to secrete factors involved in e.g.
pathogenesis (399). Here, I will briefly introduce the type Va secretion pathway,
a.k.a. the classical autotransporter (AT) pathway (400). Type Va ATs are syn-
thesized as large precursor proteins that contain three domains (Fig. 10A): (i) a
cleavable signal sequence (ss) at the N-terminus for targeting to and transloca-
tion across the IM via the Sec-translocon, (ii) an extracellular passenger domain
that carries the effector function of the AT and (iii) a f-domain at the C-terminus
that adopts a B-barrel conformation in the OM (Fig. 10B) and plays a role in
transfer of the passenger domain across the OM. The B-barrel and the passenger
are connected by a short linker, which usually forms an a-helix embedded inside
the B-barrel (Fig. 10B) and is essential for translocation of the passenger domain
(401-4006). Following translocation across the OM, some AT passenger domains
remain attached to the B-barrel whereas others are cleaved and secreted into the
extracellular milieu. The majority of the AT passengers tend to adopt the same
fold: A long repetitive B-helix to which different side chains are attached, see
e.g., (399) (Fig. 10B).

Our understanding of the translocation mechanism of ATs across the OM
is still rather poor. For a long time it has been thought that the p-barrel alone is
responsible for the translocation of the passenger. While there is no doubt that
the B-barrel is important for targeting and translocation (407—410), growing
evidence show that also the BAM-machinery is involved (408,411,412). The
current, but yet somewhat speculative model, suggests that the B-barrel of the
AT in a first step is inserted into the OM via assistance from the BAM-
machinery. Then, the AT B-barrel, in a non-completely folded state, stays at-
tached to BamA, generating a large hybrid translocation channel, through which
the passenger is threaded as a hairpin in a C-to-N-terminal direction (399,410).
This model is supported by the observation that the pore diameter of the AT f3-
barrel is too narrow to alone translocate the passenger domain, which has been
shown to form tertiary structure prior to translocation (413—415), (402—406). It
also fits with the observations made by Noinaj and colleagues that BamA seems

to be able to open laterally towards the OM (181,183), as mentioned in section
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8. Several periplasmic chaperones have been shown to play roles in the secretion
of ATs across the OM, albeit differently for different ATs, see e.g. review (416).

Notably, the periplasm does not contain any ATP and there is no electro-
chemical gradient across the OM that could energize the AT-mediated transloca-
tion process. A greatly supported model suggests that sequential folding of the
passenger domain could drive the translocation through a ‘Brownian ratchet
mechanism’ (417—420). This model fits well with the B-helical structure of most
passenger domains. However, folding of the passenger domain is perhaps not
the only driving force but rather supported by other factors such as charge inter-
actions between the passenger and the outer surface of the OM (414).

These mechanistic and structural insights have paved the way for the ex-
ploitation of the AT pathway for surface display of heterologous proteins for
development of screening tools e.g., (421), biocatalysts e.g., (422), and vaccines
e.g., (423). Due to space limitations, I will, despite of the numerous reports of
successful use of ATs in biotechnology, in the following section focus only on
the use of the E. coli AT Hemoglobin protease (Hbp) and its use in antigen dis-
play. The type Va AT Hbp was used in paper V of this thesis.

15.1 The hemoglobin protease-based display platform

The type Va AT Hbp is a key virulence factor of the human pathogen E. coli
EBI1, which causes peritonitis. Hbp binds to and degrades hemoglobin (424).
The catalytic function (the serine protease site) of Hbp is located to one of the
five side domains of the B-helical passenger domain (425). Importantly, this
domain (D1) is absent in the Hbp display variant used in paper V of this thesis.
Hbp belongs to the Serine Protease Autotransporters of Enterobacteriaceae
(SPATE) family. A common characteristic of ATs of this group, apart from the
protease function, is the unusually long signal sequence, carrying an approxi-
mately 25 amino acid long N-terminal extension (416,426). This highly con-
served SPATE specific signal sequence is dispensable for IM targeting and
translocation but seems to play a role in preventing premature folding of the AT
in the periplasm. Many ATs (including SPATEs) are post-translationally trans-
located across the IM and it has been observed that the cytoplasmic chaperone
DnaK is important for the biogenesis of such ATs, see e.g., (39). Hbp however,
uses the SRP dependent pathway to the Sec-translocon (75). Furthermore, YidC
has been shown to be involved in the translocation of Hbp across the IM (123).
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Extracellular
milieu

Periplasm

Fig. 10. A. Schematic representation of the AT secretion pathway (type Va pathway). B. Top panel, in
blue: Passenger domains of the SPATEs EspP (PDB 3SZE) and Hbp (PDB 3AKS). Bottom panel, in
yellow: B-domains of EspP (PDB 3SLJ) and Hbp (PDB 3AEH).

The passenger domain of Hbp (and of all SPATESs) is cleaved and released from
the B-barrel upon translocation, but it can be kept attached to the surface by
disrupting the cleavage site between the passenger domain and the B-barrel
(427). Jong and colleagues took advantage of the available structural knowledge
of Hbp and designed a platform suitable for the secretion and display of heterol-
ogous antigens of varying size (425,427,428). Key to optimal secretion/display
was to maintain the B-helical stem of the passenger intact and rather exchange
the passenger side domains with the heterologous antigens of interest. Produc-
tion of the Hbp chimeras resulted in high-level display of antigens on the surface
of both E. coli and of the aforementioned attenuated Sa/monella strain. To high-
light the potential of this platform for vaccine development, the gene encoding
the chimera was integrated into the Sa/monella chromosome under the control of
the lacUV5 promoter for stable production. The absence of a lac-operon, and
thus also of Lacl, in Salmonella makes production from lac-derived promoters
constitutive in this bacterium. Although live vaccines are ‘ideal’ based on their
feasibility and effectiveness, the potential risk of reversion from an attenuated
into a pathogenic state causes regulatory authorities to slow down development.
Therefore, other platforms such as outer membrane vesicles (324) or bacterial

ghosts may be useful alternatives.
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16 Bacterial ghosts and lysis protein E

To overcome the potential threat of reversion of the attenuated Salmonella vac-
cine strain to a pathogenic state, the basic concept of autodisplay can be extend-
ed by combining the HbpD antigen display platform with the formation of bacte-
rial ghosts (Fig. 11).

Bacterial ghosts (BGs) are empty cell envelopes from Gram-negative
bacteria, which are produced by the controlled expression of the cloned gene £
from bacteriophage $X174, see reviews (429,430) and references therein. This
gene product forms a lysis pore across the envelope of the living bacteria, which
enables the cytoplasmic content to be expelled through the tunnel. Thus, BGs
are devoid of cytoplasmic content but still possess all bacterial bio-adhesive
surface properties, important for stimulation of the immune system, in their
original state. Therefore, just like for live vaccines, the addition of adjuvants is
not required. Furthermore, ghosts do not posses any potential for reverting back
to an infectious state. Lysis protein E inhibits the function of MraY, which is a
protein that catalyzes the first membrane-localized step of peptidoglycan synthe-
sis. The mechanism of how lysis protein E generates defined pores through the
cell envelope is however yet elusive (429-432).

BGs derived from different Gram-negative bacteria have shown potential
as vaccine vectors and as delivery vehicles of both protein- and DNA-based
drugs (429,430). For recent advancements see e.g., (433—437). To increase the
safety of the platform two main approaches have been employed: the co-
production of nucleases (438,439) and the use of chemical inactivating agents
(429). It has been shown that a lyophilization step renders BGs stable for long
time storage (429). Effort has also been aimed at generating antibiotic free pro-
duction of BGs (440).

Fig. 11. Schematic representation of an E. coli/Salmonella-derived
ghost displaying an HbpD-antigen chimera on its surface.
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Summaries of papers I-V and Outlook

Paper I: Optimizing membrane protein overexpression in the
Escherichia coli strain Lemo21(DE3)

Background

In the previously developed BL21(DE3)-derived membrane protein production
strain Lemo21(DE3) expression of the gene encoding T7 lysozyme, which is a
natural inhibitor of T7 RNA, is under control of the E. coli rhamnose promoter
system. This setup makes that the expression rate of the gene encoding any giv-
en membrane protein can be precisely modulated by adding varying amounts of
rhamnose to the culture medium (section 13.2.3.1 and Fig. 9). This makes
Lemo21(DE3) suitable for the production of membrane proteins. Here, we have
studied in detail how the production yields of membrane proteins are optimized
in Lemo21(DE3). We also investigated the effects of altering cultivation strate-
gies on production yields to explore the potential of Lemo21(DE3) as a tool for
membrane protein production.

Results & Conclusions

First, as expected it could be determined that T7 lysozyme accumulation levels
correlated in a manner corresponding to the amount of rhamnose added to the
culture medium. At the rhamnose concentration giving highest yields of the
model proteins YidC-GFP and GItP-GFP, toxic effects caused by the production
of these proteins were not detectable. Also, a larger fraction of total protein pro-
duced was inserted into the IM as the thamnose concentration was increased. At
the optimal thamnose concentration almost no YidC-GFP or GItP-GFP accumu-
lated in inclusion bodies in the cytoplasm. When these two model proteins were
produced at a rate higher than optimal, the cells ‘evaded’ membrane protein
production, as demonstrated by the appearance of non-producing sub-
populations of cells. Notably, the cells that had evaded IMP-GFP production had
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also recovered from the toxic burden conferred by the overproduction of these
IMP-GFP fusions. In contrast, cells in cultures producing these IMP-GFP fu-
sions in the presence of the optimal rhamnose concentration (or higher) were
homogeneous (i.e. all cells produced the IMP-GFP fusion to equal levels). Fur-
thermore, our results show that increasing the temperature from 30 °C to 37 °C
drastically lowered YidC-GFP levels. When lowering the temperature to 20 °C,
yields could be marginally improved if the induction time was increased from 8
to 24 hrs. As expected, the amount of rhamnose needed to reach optimal produc-
tion yields increased with increased temperature. Finally, increasing production
yields by optimizing production rate also led to more active IMP material as
shown for the glutamate transporter GItP. The IMPs NhaA and Mhpl produced
in Lemo21(DE3) were suitable for crystallization upon recovery from the GFP-

fusion.

Paper II: MemStar: A one-shot Escherichia coli-based approach

for high-level bacterial membrane protein production

Background

The improved yields obtained in Lemo21(DE3) are mainly due to increased
biomass formation. For structural studies this is posing a problem since deter-
gent solubilization efficiencies decrease as the amount of total membranes to be
solubilized increase. Therefore, we set up a screening strategy aiming to find a
culturing condition in which membrane protein production is increased per cell
rather than per volume of culture. This would make it feasible to work with a
larger selection of protein homologues, increasing the rate at which membrane

protein structures can be solved.

Results & Conclusions

A set of ten E. coli membrane proteins was produced both in the BL21(DE3)-
derived strain C43(DE3) and in Lemo21(DE3) (see sections 13.2.2.1 and
13.2.3.1), and production was monitored by the previously described GFP-
pipeline (see section 13.3.2.1). The two strains were cultured in four different
kinds of both rich and defined media: Lysogeny Broth (LB medium), Terrific
Broth (TB medium) and the two autoinduction media ZYM-5052 and PASM-
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5052. Exploring the effect of the inducer IPTG further extended the number of
expression regimes tested. Surprisingly and somewhat contradictory, the addi-
tion of IPTG to Lemo21(DE3) cells cultured in PASM-5052 dramatically boost-
ed production yields per ODgoo unit for all ten proteins. To avoid the necessity of
performing rhamnose titration screens, we further determined the rhamnose
concentration at which the probability of producing high amounts of membrane
proteins was highest. This led to establishing the Membrane protein Single shot
amplification recipe: MemStar. Using MemStar, production yields for another
set of 24 membrane proteins were improved to reach an average of 5 mg/L per
ODeoo unit, which is significantly higher than yields obtained with other com-
mon production strategies. MemStar enabled to obtain new structural infor-

mation for several transporters, including the sodium/proton antiporter NapA.

Paper III: High-level production of membrane proteins in E.
coli BL21(DE3) by omitting the inducer IPTG

Background

The BL21(DE3)/pT7 expression system in combination with LB medium is a
setup that is routinely used for the production of membrane and secretory pro-
teins (see section 13.2.1). However, from previous studies we know that produc-
tion of membrane proteins in the cytoplasmic membrane and secretory proteins
in the periplasm is often hampered in this setup due to saturation of the capacity
of the Sec-translocon, resulting in toxicity to the host and consequently in low
production yields. The isolation of the Walker strains and the development of
Lemo21(DE3) represents examples of strategies of how this toxicity can be
circumvented. We know that the improved production in these strains is due to a
lowered intensity of TTRNAP-mediated transcription of the target protein. The
BL21(DE3)/pT7-based protein production system is known to be leaky. Leaki-
ness is generally an unwanted characteristic, especially for the production of
toxic targets such as membrane and secretory proteins. Here, however, contrary
to expectation we observed that omission of IPTG from BL21(DE3)/pT7 cells
cultured in LB medium led to significantly higher membrane and secretory pro-

tein production yields than when IPTG was added.
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Results & Conclusions

Using a set of cytoplasmic membrane and secretory model proteins, we studied
how protein production accumulation rates and yields were affected when omit-
ting IPTG to cultures of BL21(DE3)/pT7 cells. We also explored how these
altered target gene expression intensities affected the quality of the recombinant
membrane and secretory proteins. Furthermore, flow cytometry was used to
study the homogeneity of cell cultures as well as protein accumulation levels per
cell. In the complete absence of IPTG, cultures stably produced membrane pro-
teins in the cytoplasmic membrane, whereas upon the addition of IPTG mem-
brane proteins aggregated in the cytoplasm and non-producing clones were se-
lected for. Furthermore, in the absence of IPTG, membrane proteins were pro-
duced at a lower rate than in the presence of IPTG. These observations indicate
that in the absence of IPTG the Sec-translocon capacity is not saturated, leading
to enhanced membrane protein production yields in the cytoplasmic membrane.
Importantly, for more than half of the targets tested the yields obtained using un-
induced BL21(DE3) cells were higher than the yields obtained in the widely
used membrane protein production strains C41(DE3) and C43(DE3). Since most
secretory proteins reach the periplasm via the Sec-translocon, we also monitored
the production of three secretory recombinant proteins in the periplasm of
BL21(DED3) cells in the presence and absence of IPTG. For all three targets test-
ed omitting IPTG led to the highest production levels in the periplasm. Conclu-
sively, omission of IPTG from BL21(DE3) cells cultured in LB medium pro-
vides a very cost and time effective alternative for the production of membrane-
and secretory proteins. Therefore, it is recommended to incorporate this condi-

tion in protein production screens.
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Paper IV: Engineering E. coli for rhamnose Pgap promoter-

based production of membrane and secretory proteins

Background

Key to the successful production of membrane and secretory proteins in E. coli
is to be able to precisely set the protein production rates of these proteins. We
have previously shown, in paper I, that this can be done by the using the
Lemo21(DE3) strain in combination with pT7-based protein production vectors.
As described in the summary of paper I and in section 13.2.3.1, key to the tune-
able protein production characteristics of Lemo21(DE3) is the titratable Prha-
BAD-governed production of lysozyme. Thus, we reasoned that a simpler alter-
native could be to directly produce the target protein in a PrhaBAD governed
manner. However, when producing membrane and secretory proteins from the
rhamnose inducible Pgap in E. coli, we were not able to optimize production in a
satisfactory manner. Although this promoter system has previously been used
for the production of membrane and secretory proteins in E. coli, the modus
operandi of this system has not yet been studied in much detail. We reasoned

that studying protein production kinetics of the system could help to improve it.

Results & Conclusions

To characterize PrhiaBAD-mediated protein production kinetics, we monitored
the production of the stable and fast-folding protein SfGFP in E. coli wild-type
and rhamnose catabolism and RhaT-mediated rhamnose transport deficient sin-
gle and double mutants. This revealed that in E. coli wild-type the tunable pro-
tein production characteristic is based on rhamnose consumption rather than on
tuning protein production rates. In mutants deficient in RhaT-mediated uptake of
rhamnose, protein production rates could be precisely set by varying the
amounts of inducer added to the culture medium. Furthermore, in the strain
deficient in both RhaT-mediated rhamnose uptake and rhamnose catabolism,
protein production rates became more stable over time and only minimal
amounts of rhamnose were required. These characteristics appeared to be critical
for maximizing PrhaBAD-mediated membrane and secretory protein production

yields.
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Paper V: Autotransporter-Based Antigen Display in Bacterial
Ghosts

Background

In this study we simultaneously produced the bacteriophage $X174 lysis protein
E and the engineered OM antigen-display platform E. coli autotransporter he-
moglobin protease (HbpD). The co-production of these two, non-related, mem-
brane proteins can be used for the generation of a multivalent vaccine platform
that is most likely safer than live vaccines. The production of lysis protein E
generates defined channels in the cell envelope, which leads to the formation of
so-called ghosts. In ghosts, the cytoplasmic content is released into the extracel-
lular milieu whilst the morphology of the cell envelope remains mostly intact.
The antigen-display platform HbpD has been shown to enable the efficient
presentation of antigens on the surface of both E. coli and Salmonella cells.
Here, we used the Mycobacterium tuberculosis vaccine target ESAT6 (early
secreted antigenic target of 6 kDa) as a model antigen for surface display, fused
to the protruding p-helix of HbpD generating the chimera protein HbpD-ESAT6.

Results & Conclusions

The use of different promoter systems/expression regimes enabled the concerted
production of HbpD-ESAT6 and lysis protein E in both E. coli and Salmonella.
Ghost formation was monitored by determining lysis efficiency based on de-
terming CFUs, the localization of a set of cellular markers, fluorescence micros-
copy, flow cytometry, and electron microscopy. HbpD-mediated surface display
of ESAT6 was monitored using a combination of a protease accessibility assay,
fluorescence microscopy, flow cytometry and (immuno-) electron microscopy.
We have shown that the concerted production of HbpD-ESAT6 and lysis protein
E in E. coli and Salmonella can be used to produce ghosts that efficiently dis-
play antigens on their surface. This system holds promise for the development of
safe and cost-effective vaccines with optimal intrinsic adjuvant activity and
effective exposure of antigens to the immune system.
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Outlook

Papers I-1V, as summarized above, all indicate that being able to precisely and
stably set protein production rates is key to optimizing membrane and secretory
protein production yields in E. coli. These results are all based on host organism
optimization exercises. With this in mind, it would be interesting to look into
whether also other reported strategies, such as modifying translation initiation
regions or using N-terminal tags, result in a more controlled protein production
regime, thereby improving yields. The results in paper IV were rather unex-
pected. It would be interesting to compare the expression regime of the rhaBAD
promoter to that of other sugar-utilizing systems, such as the araBAD promoter,
in appropriate strain backgrounds. To understand the expression regime from the
rhaBAD promoter in more detail, experiments that can reveal whether the non-
tunable characteristic is generated at a transcriptional or translational level are
required. In paper III, it cannot be excluded that trace amounts of lactose are
responsible for the results obtained when no IPTG is added. Therefore, a com-
prehensive study testing different types of media (+/- lactose) in combination
with a lactose permease deficient strain would probably further our understand-
ing behind the mechanism of “un-induced” protein production. Lemo21(DE3) is
a strain that has been widely and successfully used by academic laboratories and
is considered a well-performing protein production strain. However, there is still
room for improvement, e.g. a combination of Lemo21(DE3) with the rhamnose
catabolism and uptake deficient strain developed in paper IV may be explored.
As shown in paper II, Lemo21(DE3) can successfully be combined with other
media than LB. The MemStar condition has proven extremely robust, and pre-
sumably, since Lemo21(DE3) offers the possibility to cover a very large win-
dow of target gene expression intensities, only modest results would be expected
from modifying MemStar further. As to paper V, ongoing studies aim at further
improving production yields of other more challenging (i.e. complex) HbpD-
chimeras. Initially, the effect of deleting periplasmic and outer membrane prote-
ases on HbpD-chimera production will be studied. Also, the production of these
chimeras in the ‘rhamnose optimized protein production strain (paper IV)’ may
provide a better starting point for extending the number and size of antigens
attached to the Hbp passenger domain. Finally, it would be exciting to study the
efficacy of a ghost-based HbpD-mediated vaccine platform in animal models.
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Popularvetenskaplig sammanfattning

Alla levande organismer bestir av celler. Beroende pa vilken organism cellen
tillhor ser den lite olika ut. Bakterier dr encelliga organismer och deras upp-
byggnad och biologiska processer &r lite enklare jamfort med celler fran till
exempel ménniska. Trots det finns det &ven mycket som fungerar pd samma sétt
i dessa avldgset besldktade organismer vilket gor att man kan anvédnda sig av
bakterier for att studera komponenter eller processer som dven dr relevanta for
ménskliga celler.

I alla celler finns DNA-molekyler (kromosomer) som innehéller gener
som kodar for hur cellen ska bygga ihop olika byggstenar (aminosyror) till pro-
teiner. Gener dr uppbyggda av fyra olika molekyler (Adenin, Tymin, Guanin,
Cytosin) som bildar en ldng “’kedja” av olika kombinationer av dessa fyra mole-
kyler. Beroende péd sekvensen av dessa molekyler i genen, kommer proteinet
som genen kodar for fa olika egenskaper och se olika ut. Denna process delas av
alla organismer, oberoende av hur komplexa eller enkla de &r. Proteiner ar cel-
lens maskiner och kan utritta en otalig méngd olika aktiviteter. De proteiner
som jag studerat sitter vid ytan av cellen, i det sa kallade membranet som omslu-
ter den inre delen av cellen. Cellmembraner &r uppbyggda av lipidmolekyler
(fetter). De proteiner som sitter i membranet maste darfor vara fettlosliga, hyd-
rofoba, till skillnad fran de proteiner som finns i den inre, vattenlosliga, delen av
cellen. Membranproteiner &r ofta involverade i viktiga processer, som till exem-
pel att ta upp néring, att exportera ut sddant som ar giftigt for cellen eller att
reagera pa stimuli fran sin omgivning. Ett felaktigt membranprotein kan darfor
ge upphov till olika sjukdomar och faktum é&r att de flesta mediciner &r riktade
mot just proteiner som sitter i cellmembraner. For att till exempel kunna ut-
veckla mediciner maste man forst ta reda pa exakt hur proteinerna fungerar och
hur de ser ut. Dock gér membranproteiners hydrofoba egenskap att det dr svart
att studera dem. Ibland kan det hjélpa om man har tillgang till stora méngder av
proteinet ifrdga eller om man kan manipulera det sa att de blir lttare att hantera.

For att kunna producera proteiner i stora méngder och for att kunna manipulera



dem anvénder man sig av rekombinant protein produktion. Det innebér att man
kan syntetisera en gen som kodar for vilket protein som helst och fa till exempel
bakterier att ta upp genen och sedan producera det dnskade proteinet som genen
kodar for. Denna teknik gor det till exempel mojligt att producera insulin med
hjélp av bakterier istdllet for att, som innan, rena upp det fran djur.

Min avhandling handlar till storsta del om hur man kan optimera rekombi-
nant produktion av membranproteiner med hjélp av bakterien E. coli. Jag har
dven tittat pa hur produktion av en annan typ av proteiner kan optimeras. Dessa
proteiner sitter inte i membranet utan transporteras ut genom membranet s att
de hamnar i ett vattenlosligt hdlje, den sa kallade periplasman, som finns mellan
de tvd membraner som omger E. coli bakterier. Det dr vanligt att man produce-
rar industriellt/medicinskt viktiga proteiner som till exempel antikroppar och
hormoner i den delen av bakterien.

Den framsta slutsatsen i min avhandling &r att det &r viktigt att gora det
mojligt for bakterien att tillverka dessa typer av proteiner under en lag hastighet.
Eftersom alla proteiner &r olika har det visat sig att det &r allra bdst om man har
en bakterie i vilken man kan optimera tillverkningshastigheten for varje enskilt
protein. Om proteintillverkningshastigheten ar for hog ar det litt att det maski-
neri som &r involverat i att leverera proteinerna till sin korrekta plats, i membra-
net eller 1 periplasman, i sin korrekta form blir dverlastat. Det leder till att prote-
inerna blir inaktiva samt att cellen far svarigheter att fungera och véxa som den
ska. Denna insikt har lett till att vi utvecklat dels nya protokoll for proteinpro-
duktion 1 E. coli men ocksé till utveckling av en ny mutant E. coli stam som
lampar sig battre for produktion av dessa proteiner.

I den sista studien i min avhandling har jag producerat membranproteiner i
ett annat syfte dn att rena upp dem for att studera dess funktion och form. Héar
har jag producerat tvA membranproteiner samtidigt for att utveckla en ny typ av
bakterie-baserat vaccin. For detta anvénde jag bakterien Salmonella, vilken ér en
bakterie som visat sig vara lampad for vaccinutveckling. Det ena proteinet som
jag producerade i Salmonella kan anvindas som en plattform for att visa upp”
antigener pd ytan av bakterien, och det andra produceras for att lysera bakterien
genom att skapa definierade hal genom membranet. Pa sé sitt oskadliggér man
bakterien, men behéller samtidigt strukturen av membranet innehéllande det
antigen man valt att kld bakterieytan med. Tanken é&r att detta system kan ha
farre bieffekter i jamforelse med de vaccin som baserar sig levande bakterier,

men dndé vara lika effektivt.
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