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Abstract
Collagen prolyl 4-hydroxylase (C-P4H) plays a central role in the biosynthesis of collagens by
hydroxylating proline residues. The enzyme has been a subject of intense interest as a target enzyme
for drug development. The recombinant expression of human C-P4H in prokaryotes has not yet been
described. This work reports on the development of an expression system for human C-P4H in E. coli.

The vertebrate C-P4H enzymes are α2β2 tetramers, consisting of two β subunits which are
identical to protein disulphide isomerase (PDI), aside from the two α subunits which have the
catalytic activity. The function of PDI is to keep the α subunit in a soluble and active state. Therefore,
the expression system should assure the expression of the β subunit in the cell before the α subunit
by using two different promoters. An active C-P4H tetramer was obtained in the periplasm of E. coli.
However, further optimization for production by stepwise regulated coexpression of its subunits in
the cytoplasm of a thioredoxin reductase and glutathione reductase mutant E. coli strain resulted in
large amounts of human C-P4H tetramer. The exchange of four rare E. coli codons of the pdi gene
and the optimized distance between ribosome binding site and translation initiation, resulted in 50-
fold P4H-activity and 25 mg/l purified enzyme.

Comparison of the expression level of mRNA from the α and β subunits by Sandwich
hybridization identified single induction with anhydrotetracycline in fed-batch fermentations as a
limiting parameter. This caused an insufficient expression level of mRNA and thereby a low yield of
C-P4H. A maximum yield was obtained by repeated addition of anhydrotetracycline that led to higher
mRNA levels and increased productivity.

A newly developed stochastic simulation model of translational ribosome traffic in bacteria
assesses the effect of codon usage to ribosome traffic and to the overall translation rate and mRNA
stability. Using human PDI, it was shown that substitution of four 5' codons of the human PDI
sequence that are rare in E. coli sequences, by synonymous codons preferred in E. coli led to a 2-fold
increase of total PDI amount and even to a 10-fold increase of soluble PDI amount. 

Keywords: collagen prolyl 4-hydroxylase, Escherichia coli, mRNA analysis, optimization
of expression, recombinant protein expression
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 Abbreviations 

aTc  anhydrotetracycline 
CHO  chinese hamster ovary 
cDNA  complementary DNA 
C-P4H  collagen prolyl 4-hydroxylase 
DNA  desoxyribonucleic acid  
DO  dissolved oxygen 
ER  endoplasmic reticulum 
GSH  glutathione 
GSSG  glutathione disulphide 
HCDC  high cell density culture 
HIF  hypoxia-inducible factor 
Hsp  heat shock protein 
IB  inclusion body 
IPTG  isopropyl-β-D-thiogalactopyranoside 
kb  kilobases 
kDa  kilodalton 
LH   lysyl hydroxylase 
mRNA  messenger ribonucleic acid 
mBiP  mouse heavy chain immunoglobulin binding protein 
P3H  prolyl 3-hydroxylase 
PCR  polymerase chain reaction 
PHY  C. elegans collagen prolyl 4-hydroxylase α subunit 
PDI  protein disulphide isomerase 
RBS  ribosome binding site 
RNA  ribonucleic acid 
SD  Shine-Dalgarno  
TF  trigger factor 
VHb  Vitreoscilla hemoglobin 
X   any amino acid 
Y   any amino acid 
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1 Introduction 

Collagens form a superfamily of extracellular matrix proteins that are primarily 
responsible for maintaining the structure of various tissues and organs, but are also 
involved in other functions affecting cell attachment and migration, tissue differentiation 
and morphogenesis. Collagens are expressed in all tissues and represent approximately 
one-third of the proteins in the human body.  

The characteristic feature of the collagens is the triple-helical structure consisting of 
three α chains with at least one domain characterized by repeating -Gly-X-Y- sequences. 
The stability of the collagen molecules is dependent on the occurrence of 
4-hydroxyproline, formation of which is catalyzed by the enzyme collagen prolyl 
4-hydroxylase in a post-translational reaction.  

Collagen prolyl 4-hydroxylases (C-P4Hs) reside within the lumen of the endoplasmic 
reticulum. In vertebrates, the C-P4Hs are α2β2 tetramers with a total size of 240 kDa. The 
β subunit is identical to the enzyme and chaperone protein disulphide isomerase (PDI). 
The α subunits contain the catalytic sites for C-P4H activity and are kept in a soluble and 
active state only by the presence of the PDI/β subunit. Three isoforms of the human α 
subunit have been cloned and characterized to date, which form tetramers separately with 
the same PDI/β subunit. The type I C-P4H, a [α(I)]2β2 tetramer is the main form in most 
cell types and tissues and is the subject of this study.  

C-P4H is an interesting target for the treatment of fibrotic diseases by use of C-P4H 
inhibitors to prevent excessive collagen accumulation. The development of very efficient 
and specific inhibitors requires detailed functional and structural studies of the C-P4H. 
Crystallization of the enzyme has not succeeded thus far, despite intense studies for years. 
As the full-length α subunit is by itself insoluble, it is not amenable for structural studies. 
To support structural investigations of the whole tetramer, large amounts of purified 
C-P4H are required. All attempts to assemble an active C-P4H tetramer from its subunits 
in vitro have been unsuccessful, but assembly of an active recombinant human C-P4H 
tetramer by coexpression of the two types of subunit has been reported. Aside from 
mammalian cells, a functional tetramer has been assembled in insect cells, in the yeasts 
Pichia pastoris and Saccharomyces cerevisiae, tobacco plants and transgenic mice. 
Escherichia coli would be the ideal host organism for recombinant expression of C-P4H, 
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as it does not perform certain post-translational modifications such as glycosylation, 
which may interfere in crystallization experiments.  

The recombinant E. coli expression system has many advantages when compared to 
the other available systems including rapid growth, cheap cultivation, well-studied 
genetic background and high expression level in large scale, and thus represents a widely 
used system for heterologous protein expression. However, problems like incorrect 
folding, deposition as insoluble inclusion bodies and the necessity of refolding into a 
biologically active state have to be often faced when E. coli is employed as a host 
organism for heterologous proteins.  

In this work, a recombinant expression system was developed and optimized for 
human C-P4H in E. coli. By coexpression of both individual subunits, an active 
recombinant enzyme was obtained in the periplasm and cytoplasm of E. coli. The 
coexpression of the heavy chain immunoglobulin binding protein (BiP) was studied with 
the aim to increase the formation of C-P4H. Expression studies in the double reductase 
mutant E. coli strain were performed to achieve a higher yield of the recombinant enzyme 
in the cytoplasm.  

Besides optimization of the cultivation conditions, optimization of the PDI cDNA 
showed an unexpectedly high influence on the expression level of the C-P4H tetramer. 
Two different PDI expression constructs were used in a case study of a newly developed 
simulation programme for translational ribosome traffic. Another aim of the present 
research was the development of a fermentation strategy for recombinant expression of 
human C-P4H in E. coli.  

 



2  Review of the literature  

2.1  Collagen prolyl 4-hydroxylases and related enzymes 

The collagen prolyl 4-hydroxylases (C-P4Hs, EC 1.14.11.2, procollagen-proline 
2-oxoglutarate 4-dioxygenases) are enzymes which have a fundamental role in the 
biosynthesis of collagens and other proteins with collagen-like amino acid sequences. 
They are located within the lumen of the endoplasmic reticulum (ER) and catalyze the 4-
hydroxylation of proline residues in -X-Pro-Gly- triplets, being unable to act on the free 
amino acid (for reviews, see Kivirikko et al. 1989, Kivirikko et al. 1992, Kivirikko & 
Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 2003). The 4-
hydroxyproline (4Hyp) residues formed have a major impact on the stability of the 
collagen triple helix (Berg & Prockop 1973b).  

The C-P4Hs belong to the family of 2-oxoglutarate dependent dioxygenases (EC 
1.14.11.). All known 19 members of this enzyme family are 2-oxoglutarate:oxygen 
oxidoreductases acting on paired donors (BRENDA database, Schomburg et al. 2004). 
They all require Fe2+, 2-oxoglutarate and molecular oxygen as co-factors and usually also 
ascorbate. Prolyl 3-hydroxylases (P3Hs) and lysyl hydroxylases (LHs) are two other 
collagen hydroxylases in this family. The vertebrate C-P4Hs (Bassuk et al. 1989, 
Helaakoski et al. 1989, Hopkinson et al. 1994, Helaakoski et al. 1995, Annunen et al. 
1997, Kukkola et al. 2003, Van Den Diepstraten et al. 2003), P3Hs (Vranka et al. 2004) 
and LHs (Hautala et al. 1992, Yeowell et al. 1992, Valtavaara et al. 1997, Passoja et al. 
1998, Valtavaara et al. 1998) are each currently known to have three isoenzymes. The 
LHs catalyze the formation of hydroxylysine residues in -X-Lys-Gly- sequences. The 
hydroxylysines act as attachment sites for carbohydrate units and are necessary for the 
stability of the intermolecular collagen crosslinks (Kivirikko & Pihlajaniemi 1998). 
Collagens have low amounts of 3-hydroxyproline (3Hyp) in the X positions of -X-4Hyp-
Gly- sequences and the role of this modification is currently poorly understood. Early 
studies already showed that the formation of 3Hyp and 4Hyp residues in collagens are 
catalyzed by separate enzymes (Tryggvason et al. 1976, Risteli et al. 1977), but the 
molecular characteristics of P3H remained unknown for decades. Recently, three 
vertebrate P3H isoenzymes were cloned and characterized (Vranka et al. 2004).  
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A novel P4H family that plays an important role in the evolutionarily conserved 
hypoxia response pathway has been recently discovered (Bruick & McKnight 2001, 
Epstein et al. 2001, Ivan et al. 2002). During hypoxia the oxygen concentration is 
decreased and cells respond to the low oxygen level by stabilizing and activating 
hypoxia-inducible transcription factors (HIFs). The HIF heterodimer consists of the 
hypoxia-regulated HIF-α subunit and the oxygen-insensitive HIF-β subunit. Normoxic 
conditions with normal O2 level result in rapid degradation of the constitutively expressed 
HIF-α. The degradation is initiated by oxygen-dependent hydroxylation of certain proline 
residues within the HIF-α oxygen-dependent degradation domain (ODDD) by HIF-P4Hs 
and this modification targets the HIF-α for proteasomal degradation. Under hypoxia, this 
site-specific proline hydroxylation is inhibited, allowing HIF-α to escape degradation. 
The substrate requirements of the HIF-P4Hs and C-P4Hs are different as the HIF-P4Hs 
hydroxylate prolines in -Leu-X-X-Leu-Ala-Pro- sequences (Ivan et al. 2001, Jaakkola et 
al. 2001). An additional difference exists in the localization of the two enzyme families. 
The C-P4Hs reside within the ER due the presence of an ER retention signal (Pelham 
1990) at the carboxyl-terminal end of the PDI/β subunit while the HIF-P4Hs are located 
in the cytoplasm and nucleus (Huang et al. 2002, Metzen et al. 2003).  

2.1.1  Occurrence of 4-hydroxyproline in proteins 

The vast majority of 4Hyp residues in animal proteins are found in collagens and several 
other proteins containing collagen-like sequences (for reviews, see Kivirikko & 
Pihlajaniemi 1998, Myllyharju & Kivirikko 2001, Myllyharju & Kivirikko 2004, Ricard-
Blum & Ruggiero 2005). Vertebrate collagens form a complex protein superfamily with 
28 members currently (Myllyharju & Kivirikko 2004, Ricard-Blum & Ruggiero 2005, 
Veit et al. 2005). They share a defining triple-helical structure, composed of three 
polypeptide chains called α chains, but vary in the lengths of their triple helices, the 
occurrence of interruptions in the triple helix, in their higher order structures, tissue 
distribution and function. To this day 43 genes encoding the distinct α chains of the 28 
different collagen types have been identified (Myllyharju & Kivirikko 2004, Ricard-Blum 
& Ruggiero 2005, Veit et al. 2005). The collagens comprise several subgroups classified 
according to sequence and structural similarities and supramolecular assembly. They can 
be divided roughly into fibrillar and nonfibrillar collagens. Collagens are the major 
structural components of the extracellular matrix, providing structural integrity for tissues 
and organs. Collagens are the most abundant proteins in the human body and are found 
ubiquitously in all connective tissues, bones, tendons, cartilage, skin, ligaments. The 
cornea is especially rich in collagens. In addition to their essential role in maintaining the 
structural integrity of various tissues and organs, collagens are involved in wound healing 
and fracture repair, but their excessive accumulation leads to severe fibrotic diseases 
(Myllyharju & Kivirikko 2001). The proteolytic non-collagenous domains can also 
perform regulatory tasks (Ortega & Werb 2002). 

The main common feature of collagen molecules is the rod-like structure formed by 
three α chains that twist around each other to form a right-handed superhelix (Figure 1). 
The triple helices may consist of identical α chains, or two or even three distinct α chains. 



 19

Each of the individual α chains has a polyproline II-like left-handed helical structure 
(Ramachandran & Kartha 1955, Rich & Crick 1955). Glycine residues are required in 
every third position of the collagen α chain, as the close packing of the three chains does 
not leave space for any larger residue within the triple helix. Furthermore, the triple helix 
is stabilized by interchain hydrogen bonds between the backbone N atoms of glycine 
residues and the carbonyl groups of the residues located in the X positions of the 
characteristic -X-Y-Gly- triplets, in which the X position is frequently occupied by 
proline and the Y position by 4Hyp (Prockop & Kivirikko 1995).  

Fig. 1. Collagen structure 

The thermal stability of collagens is enhanced by the post-translational hydroxylation of 
the proline residues in the Y positions of the repeating -X-Y-Gly- triplets (Berg & 
Prockop 1973b). In vertebrate collagens the 4-hydroxylation of prolines occurs only in 
the Y position and when present in the X position of synthetic peptides, 4Hyp destabilizes 
the triple helix (Inouye et al. 1982, Kivirikko et al. 1992). The specific recognition 
mechanism of the Y position proline by C-P4H is not yet understood. Approximately 100 
proline residues per 1000 amino acids are hydroxylated with small variations existing 
between the different collagen types (Kivirikko et al. 1992). In some cases the 4-
hydroxylation of proline residues in the Y positions are incomplete resulting in 
differences in the 4Hyp content of a given collagen type in various tissues. 
Nonhydroxylated collagen α chains are able to form a triple helix structure at low 
temperature. However, the midpoint of thermal transition from helix to coil (Tm) in the 
case of unhydroxylated type I procollagen molecules is only 24°C, while the value for 
fully hydroxylated polypeptide chains is 39°C (Berg & Prockop 1973b, Rosenbloom et 
al. 1973, Kivirikko & Pihlajaniemi 1998). Other studies have shown that folding of 
collagen α chains into stable triple helices was prevented by the addition to cultured cells 
of α,α´-dipyridyl, a compound that inhibits hydroxylation of the proline residues 
(Jimenez et al. 1973).  

The growth of single crystals from a native collagen molecule for high-resolution 
studies of the triple helix structure has not been possible due to the fibrous nature of 
collagen. However, structural data has been obtained by using collagen-like synthetic 
polypeptides. The first high-resolution structure of a collagen triple helix was determined 
by using the peptide (Pro-4Hyp-Gly)4-Pro-4Hyp-Ala-(Pro-4Hyp-Gly)5 (Bella et al. 



 20

1994). This structure confirmed the main features of the triple helix and it was suggested 
that the hydroxyl group of 4Hyp forms hydrogen bonds with surrounding water 
molecules, thereby stabilizing the collagen triple helix (Bella et al. 1995). However, this 
mechanism of stabilization was questioned by the observation that a Pro-Flp-Gly triplet, 
with the substitution of 4Hyp with fluoro-L-proline, also enhanced the thermal stability 
despite the inability of fluorine to make hydrogen bonds (Holmgren et al. 1998, Berisio et 
al. 2002b, Jenkins & Raines 2002). Proline residues adopt preferentially two states, 
denoted as down and up puckering, depending on their dihedral angles (Berisio et al. 
2002a). Clear distinctions in the pucker and the φ angle between prolines and 
4-hydroxyprolines in the X and Y position, respectively, have been reported (Vitagliano 
et al. 2001, Okuyama et al. 2004). Electronegative pyrrolidine substituents have been 
shown to affect directly the φ, ψ and ω main chain dihedral angles. These findings 
emphasize the importance of intrinsic conformational propensities on the stabilization of 
the collagen triple helix (Holmgren et al. 1999, Bretscher et al. 2001). The stabilizing 
effect of 4Hyp residues is now believed to depend on stereoelectronic effects that fix the 
4Hyp residues in a conformation that preorganizes all three main-chain torsion angles to 
befit a triple helix (Holmgren et al. 1998, Berisio et al. 2002b, Jenkins & Raines 2002). 
The amino acid sequence dependence of collagen triple helix stability has been 
investigated by comparison to the thermal stability of different host-guest peptides and 
led to a propensity scale for various amino acids in the X and Y positions (Persikov et al. 
2000). An interactive collagen stability calculator is now available based on the algorithm 
relating amino acid sequence to thermal stability (Persikov et al. 2005).  

Vertebrate and invertebrate collagens resemble each other in their structure and 4Hyp 
content, although certain exceptions are found (Kivirikko et al. 1992). As in vertebrates, 
the X position is often occupied by proline and the Y position by 4Hyp in invertebrate 
collagens, and the thermal stability correlates with the amount of 4Hyp (Burjanadze 
1979). E.g. the Alvinella worms live in temperatures between 20°C and 70°C and their 
cuticle has a higher content of 4Hyp than that of worms from shallow sea water habitats 
(Kaule et al. 1998). Interestingly, the cuticle collagen of the deep sea hydrothermal vent 
worm Riftia pachyptila has a high thermal stability (Tm = 37°C) despite a low content, 
4%, of 4Hyp residues (Mann et al. 1996). Furthermore, most of the 4Hyp is present in the 
X positions where it is generally thought to have a destabilizing effect (Inouye et al. 
1982). An example of this is the low thermal stability (Tm = 22°C) of Lumbricus terrestris 
cuticle collagen despite a high 4Hyp content (16-18%) primarily in the X positions (Bann 
& Bächinger 2000). Analysis of the R. pachyptila cuticle collagen revealed a high content 
of threonine residues in the Y positions that were glycosylated with galactose. It was 
suggested that the glycosylation compensates for the presence of 4Hyp in the X positions 
to achieve the high thermal stability through occlusion of water molecules and by 
hydrogen bonding (Mann et al. 1996, Bann et al. 2003). Furthermore, it has been shown 
that a 4Hyp in the X position of a (Gly-X-Thr)10 peptide stabilizes the triple helix and the 
unstabilizing effect of 4Hyp in the X position may thus be limited to -4Hyp-Pro-Gly- 
repeats only (Bann & Bächinger 2000).  

Triple-helical 4Hyp-rich collagen-like domains are also present in more than 20 other 
vertebrate proteins (for reviews, see Myllyharju & Kivirikko 2004, Ricard-Blum & 
Ruggiero 2005). This heterogenous group involves host-defense proteins like the 
subcomponent C1q of complement, a C1q-related factor, the hormone adiponectin (Wang 
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et al. 2004), and a novel family of C1q/tumor necrosis factor-α-related proteins (Wong et 
al. 2004). Other collagen-like proteins include collectins and ficolins, which are humoral 
lectins of the innate immune system. Collectins are divided into four groups including the 
surfactant protein A and D group. Other examples are the tail structure of 
acetylcholinesterase, three macrophage receptors, ectodysplasin, two EMILINS (elastic 
fibre-associated glycoproteins), and a src-homologous-and-collagen protein. Single 4Hyp 
is present in the hydroxyproline-lysyl-bradykinin and hydroxyproline-luteinizing 
hormone releasing hormone (Kivirikko et al. 1992).  

Elastin is the major component of elastic fibers and represents a significant structural 
component of vertebrate extracellular matrix (for a review, see Rodgers & Weiss 2005). 
Although it has no triple-helical collagen-like domain, repeating -Gly-X-Y- sequences 
with 4Hyp are present in the elastin polypeptides. The 4Hyp content varies between 10 to 
15 per 1000 amino acids, but reaches even 50 per 1000 residues in special situations 
(Kivirikko et al. 1992). 

4Hyp residues are further found in the α subunit of the hypoxia-inducible factor (HIF). 
The positions in the HIF-1α are Pro564 and/or Pro402, and both are present in a -Leu-X-X-
Leu-Ala-Pro- sequence. This post-translational modification of the HIF-α subunit targets 
it for rapid degradation under normoxic conditions (Ivan et al. 2001, Jaakkola et al. 
2001).  

There is no evidence for the existence of collagens in plants, but 4Hyp is found as a 
major amino acid in many plant cell wall glycoproteins such as the extensins, proline-rich 
proteins, arabinogalactan proteins, and the 4Hyp-rich lectins from Solanaceae. These 
proteins are implicated in various aspects of plant development and growth including 
fertilization, apoptosis and stress response (Kieliszewski & Shpak 2001, Showalter 
2001). 

Bacterial and viral proteins with a collagen-related structural motif (CSM) have been 
identified by in silico analysis of genomic sequences. Significant differences in the amino 
acid content and distribution were observed between the vertebrate collagen sequences 
and CSMs. Bacterial and viral CSMs have a lower overall proline content. The proline 
residues are preferentially found in the X positions and threonine instead of proline 
dominating the Y positions of the -Gly-X-Y- triplets (Rasmussen et al. 2003). 
Furthermore, two streptococcal proteins, Scl1 and Scl2 that contain extended -Gly-X-Y- 
repeats have been shown to form collagen-like triple helices (Xu et al. 2002).  

2.1.2  Vertebrate collagen prolyl 4-hydroxylases 

The vertebrate C-P4Hs are tetrameric enzymes consisting of two α subunits and two β 
subunits. The catalytic α subunit has a molecular weight of 63 kDa and the β subunit, 
which is identical to the enzyme and chaperone protein disulphide isomerase (PDI), has a 
molecular weight of 58 kDa, as will be discussed in more detail in section 2.2. The total 
molecular weight of the α2β2 tetramer is 240 kDa (for reviews, see Kivirikko & 
Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 2003). For a long time it 
was believed that C-P4H exists only as one type, but this assumption changed when two 
additional α subunit isoforms were identified. The first characterized α subunit, which 
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was cloned from human (Helaakoski et al. 1989), mouse (Helaakoski et al. 1995), rat 
(Hopkinson et al. 1994) and chicken (Bassuk et al. 1989) sources, was renamed as the 
α(I) subunit. The second α subunit isoform, called α(II), has been cloned from man 
(Annunen et al. 1997) and mouse (Helaakoski et al. 1995), and the third isoform, α(III), 
from man (Kukkola et al. 2003, Van Den Diepstraten et al. 2003), mouse (Kukkola et al. 
2003) and rat (Kukkola et al. 2003). All these α subunit isoforms form tetramers with 
human PDI, the [α(I)]2β2, [α(II)]2β2 and [α(III)]2β2 tetramers being called the type I, II 
and III C-P4Hs, respectively. Assembly studies in insect cells have shown that α(I)α(II)β2 
tetramers are not formed (Annunen et al. 1997). From this, one can deduct that mixed 
vertebrate tetramers are not likely to exist. 

The human α subunit polypeptides are very similar in size. The mature α(I), α(II) and 
α(III) subunits consist of 517, 514 and 525 amino acids respectively, and they are 
preceded by signal peptides of 17 to 21 residues (Helaakoski et al. 1989, Annunen et al. 
1997, Kukkola et al. 2003, Van Den Diepstraten et al. 2003). The overall amino acid 
sequence identity between the processed human α(I) and α(II) subunits is 65%, while that 
between the α(III) and the other two is 35-37%. However, the identities are higher within 
the catalytically important C-terminal regions (see 2.1.6), 80% between the α(I) and α(II) 
and 56-57% between α(III) and the two others.The sequence alignment of human α(I), 
α(II) and α(III) subunits are shown in Figure 2.  
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Fig. 2. Alignment of the amino acid residues of the processed human (Hs = Homo sapiens) C-
P4H α(I) , α(II) and α(III) subunits. Gaps (-) are introduced for maximal alignment. Residues 
that are identical are shown by white letters on a black background. The positions of 
conserved cysteine residues involved in maintaining the structure of the α(I) subunit (▼) and 
conserved residues critical for cosubstrate binding (∗) are indicated above the human α(I) 
subunit. 

All three α subunits have five conserved cysteines, α(II) containing one additional 
cysteine between the fourth and fifth conserved ones and α(III) one between the first and 
second conserved ones (Kukkola et al. 2003). Although no interchain disulphide bonds 
exist between the α and β subunits of the C-P4H tetramer, intrachain disulphide bonds 
formed between the second and third and the fourth and fifth conserved cysteines of the α 
subunit are essential for tetramer assembly (Figure 2) (John & Bulleid 1994, Lamberg et 
al. 1995). All α subunits contain two attachment sites for N-linked oligosaccharides in 
different positions (Helaakoski et al. 1989, Annunen et al. 1997, Kukkola et al. 2003, Van 
Den Diepstraten et al. 2003). The extent of glycosylation of the recombinant human α(I) 
subunit has been shown to vary (Vuori et al. 1992a, Lamberg et al. 1995). Site-directed 
mutagenesis studies have shown that the glycosylation does not play any role in the 
catalytic activity or tetramer assembly (Lamberg et al. 1995, Kukkola et al. 2003).  

No data is currently available on the three-dimensional structure of the catalytic α 
subunit or the C-P4H tetramer. The α subunit is highly insoluble when expressed alone 
(Vuori et al. 1992a). The C-P4H α subunits have been found to possess a separate 
peptide-substrate-binding domain that is distinct from the catalytic C-terminal domain. 
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This domain is comprised of residues 138-244 in the human α(I) subunit (Myllyharju & 
Kivirikko 1999). NMR studies of a recombinant α(I) polypeptide Phe144-Ser244, which 
unlike the full-length subunit is soluble, revealed that it consists of five α helices and a 
putative short β strand (Hieta et al. 2003). This structure is distinct from those of other 
proline-rich peptide-binding modules, which are mainly composed of β strands. The 
different peptide binding characteristics of the type I and type II C-P4H enzymes were 
found to be determined by binding affinities to this domain rather than the catalytic 
domain (Hieta et al. 2003). The domain has been crystallized (Pekkala et al. 2003) and its 
structure indicated that it belongs to the family of tetratricopeptide repeat domains and 
contains a deep groove lined by tyrosine residues suitable for the binding of proline-rich 
peptides and peptide inhibitors (Figure 3) (Pekkala et al. 2004). 

The expression patterns of the three types of human C-P4H differ from each other. The 
type I isoenzyme is the main form in most tissue and cell types studied (Annunen et al. 
1998, Nissi et al. 2001). The type II enzyme is the major form in chondrocytes, 
osteoblasts, endothelial cells and cells in epithelial structures (Annunen et al. 1998, Nissi 
et al. 2001). It was found to represent at least 70% of the total amount of C-P4H activity 
in cultured chondrocytes and is thus likely to be involved in the development of cartilage 
and cartilagenous bone (Annunen et al. 1998). The type III enzyme is expressed by 
smooth muscle cells and is found in the fibrous cap of atherosclerotic human carotid 
arteries (Van Den Diepstraten et al. 2003). It is expressed at low levels in many fetal and 
adult tissues, highest levels of the α(III) mRNA being detected in the placenta, adult liver, 
and fetal skin, and low levels in the fetal liver, lung and muscle (Kukkola et al. 2003). 
However, the expression levels were always much lower than those of the α(I) mRNA in 
all tissues studied (Kukkola et al. 2003). 

Fig. 3. The overall fold of the C-P4H α(I) peptide-substrate-binding domain structure. A side 
view of the domain. Side chains of all tyrosine residues are shown and labeled. N and C label 
the N and C termini of the domain, respectively. The three tyrosine residues, Tyr196, Tyr230, 
and Tyr233, form a linear array, which is a putative binding site for proline-rich peptides. 
Reproduced from Pekkala et al. (2004) with permission from Journal of Biological Chemistry. 
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2.1.3  Nematode and Drosophila melanogaster collagen prolyl 4-
hydroxylases 

The nematode Caenorhabditis elegans is a useful model to study the consequences of 
collagen mutations. Its exoskeleton is composed predominantly of small collagen-like 
polypeptides encoded by about 175 genes (Myllyharju & Kivirikko 2004). Three 
isoforms of the C-P4H α subunit, called PHY-1, PHY-2 and PHY-3 have been cloned and 
characterized from C. elegans (Veijola et al. 1994, Friedman et al. 2000, Hill et al. 2000, 
Winter & Page 2000, Riihimaa et al. 2002) PHY-1 and PHY-2 are 43-46% identical to the 
human α(I) and α(II) subunits in their amino acid sequence and play a role in the 
synthesis of cuticle collagens (Veijola et al. 1994, Friedman et al. 2000, Hill et al. 2000, 
Winter & Page 2000, Myllyharju et al. 2002). Furthermore, two potential β subunit 
encoding genes, called pdi-1 and pdi-2 have been found (Veijola et al. 1996a). 

The phy-1, phy-2 and pdi-2 genes are expressed in collagen-synthesizing ectodermal 
cells at times of maximal collagen synthesis, in larval stages 1-4 and in adult nematodes 
(Winter & Page 2000, Myllyharju et al. 2002). Inactivation of phy-1 resulted in a 
morphologically dumpy phenotype, whereas elimination of the phy-2 gene function 
produced no visible phenotype. However, the phy-1; phy-2 double mutant is embryonic 
lethal, suggesting that phy-2 is required for the viability of the phy-1 mutant (Friedman et 
al. 2000, Winter & Page 2000). The polypeptides encoded by these genes can assemble 
into active PHY-1/PDI-2 and PHY-2/PDI-2 dimers and additionally into a unique mixed 
tetramer PHY-1/PHY-2/(PDI-2)2, which is the main form in wild-type C. elegans (Veijola 
et al. 1994, Myllyharju et al. 2002). The mixed tetramer was found to be species-specific, 
as α subunits and PDI polypeptides from other species cannot replace the C. elegans 
polypeptides (Myllyharju et al. 2002). Mutant nematodes with a mutation in one of the 
phy genes can fully or partially compensate for the absence of the mixed tetramer by 
enhanced assembly of the PHY-1/PDI-2 or PHY-2/PDI-2 dimers, respectively 
(Myllyharju et al. 2002).  

The additional C. elegans α subunit, termed PHY-3, is much shorter than the 
vertebrate α subunits and the C. elegans PHY-1 and PHY-2, and has 23-30% amino acid 
sequence identity to PHY-1 and PHY-2 within the catalytic C-terminal region (see 2.1.6). 
Nematodes carrying homozygous deletion of the phy-3 gene were phenotypically wild-
type and fertile, but the 4Hyp content of their egg shells was reduced by about 90%. 
PHY-3 is thus involved in the synthesis of collagens in early embryos, most probably 
from the collagens of the egg shell. (Riihimaa et al. 2002) 

A C-P4H α subunit has also been cloned from the parasitic nematode Onchocerca 
volvulus (Merriweather et al. 2001). It is expressed in third-stage larvae L3 and adult 
parasites. Recombinant expression of the O. volvulus PHY-1 in insect cells together with 
the O. volvulus PDI resulted in the production of an enzymatically active C-P4H 
(Merriweather et al. 2001). 

The C-P4H from the filarial parasite Brugia malayi has highly unusual properties. The 
recombinant B. malayi PHY-1 was found to assemble into a soluble and active C-P4H 
homotetramer by itself and no association with PDI could be observed. The B. malayi 
PHY-1 is expressed at high levels in all developmental stages. (Winter et al. 2003) 
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Nineteen C-P4H α subunit-related genes have been identified in the Drosophila 
melanogaster genome by sequence homology comparison, although its genome contains 
genes for only three types of collagens (Abrams & Andrew 2002). It is therefore assumed 
that some of the Drosophila P4Hs hydroxylate proline residues in polypeptides other than 
collagens (Abrams & Andrew 2002, Myllyharju 2003, Myllyharju & Kivirikko 2004). 
Only one of the encoded proteins has been characterized in detail so far (Annunen et al. 
1999). Its amino acid sequence shows about 30% identity to the vertebrate α(I) and α(II) 
subunits and the C. elegans PHY-1 (Annunen et al. 1999). It is expressed in larvae and 
the embryonic mouth-part precursor, but has not been detected in adults (Annunen et al. 
1999, Abrams & Andrew 2002). Coexpression of the recombinant Drosophila α subunit 
with either human or Drosophila PDI resulted in an active C-P4H tetramer (Annunen et 
al. 1999).  

2.1.4  Plant prolyl 4-hydroxylases  

4-Hydroxyproline residues play a central role in cell wall glycoproteins and 
proteoglycans in higher plants (Kivirikko et al. 1992). Plant P4Hs have been partially 
purified from Phaseolus vulgaris (Bolwell et al. 1985, Wojtaszek et al. 1999) and the 
green algae Chlamydomonas reinhardtii (Kaska et al. 1987), Volvox carteri (Kaska et al. 
1988) and Enteromorpha prolifera (Simpson et al. 1986). In contrast to C-P4Hs from 
animal sources, the plant P4Hs have been shown to be monomers (Kaska et al. 1988, 
Kivirikko et al. 1992, Wojtaszek et al. 1999). 

Three plant genes encoding C-P4H α subunit-like polypeptides have been cloned and 
characterized, two from Arabidopsis thaliana (Hieta & Myllyharju 2002, Tiainen et al. 
2005) and one from Nicotiana tabacum (Yuasa et al. 2005). The recombinant At-P4H-1 
expressed in insect cells hydroxylated poly(L-proline) and many other proline-rich 
peptides (Hieta & Myllyharju 2002). Although plants have no collagens, At-P4H-1 also 
effectively hydroxylated the collagen-like peptides (Pro-Pro-Gly)10 and (Ala-Pro-Gly)5, 
and in addition also HIFα-like peptides (Hieta & Myllyharju 2002). The substrate 
specifity of the At-P4H-2 was distinct from that of At-P4H-1, suggesting that they have 
different roles in the plant cell (Tiainen et al. 2005). The tobacco P4H has been shown to 
be an ER and Golgi-localizing type II membrane protein. It contains a cytosolic ER 
export signal characterized by an RXR motif that facilitates the transport step from the 
ER to the Golgi (Yuasa et al. 2005). 

2.1.5  Microbial prolyl 4-hydroxylases and related enzymes 

A viral P4H has been cloned from a eukaryotic algal virus, Paramecium bursaria 
Chlorella virus-1 (PBCV-1) (Eriksson et al. 1999). Like the A. thaliana At-P4H-1, it 
hydroxylated both (Pro-Pro-Gly)10, poly(L-proline) and several synthetic peptides 
corresponding to proline-rich repeats. Eriksson et al. (1999) suggested due to the 
existence of PBCV-1 P4H that proteins with 4-hydroxyproline residues can be found in 
the virus. 
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Microbial proline hydroxylases, which hydroxylate free L-proline to 
trans-hydroxy-L-proline, have been screened for industrial biotransformations. These 
enzyme activities were detected in eight bacteria, including strains of Dactylosporangium 
spp. and Amycolatopsis spp. An enzyme from Dactylosporangium was partially purified 
and was estimated to be a monomeric polypeptide (Shibasaki et al. 1999). A monomeric 
proline hydroxylase, which is involved in the biosynthesis of the secondary metabolite 
etamycin, has been purified from Streptomyces griseoviridus (Lawrence et al. 1996).  

2.1.6  Reaction mechanism and the catalytic site 

The C-P4Hs belong to the enzyme group of 2-oxoglutarate-dependent dioxygenases and 
require Fe2+, 2-oxoglutarate, O2 and ascorbate as cosubstrates (for reviews, see Kivirikko 
& Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 2003). The 2-
oxoglutarate is stoichiometrically decarboxylated during the hydroxylation, and one atom 
of the molecular oxygen is incorporated into succinate while the other forms the hydroxy 
group on the proline residue (Kivirikko & Myllylä 1982, Kivirikko & Myllyharju 1998, 
Kivirikko & Pihlajaniemi 1998). Even under optimal concentrations of all the 
cosubstrates, maximal activity with purified C-P4H is only obtained by addition of 
dithiothreitol, bovine serum albumin and catalase in the reaction solution (Kivirikko et al. 
1992). The absence of ascorbate does not bar the enzyme from completing a number of 
catalytic cycles, as ascorbate is not consumed stoichiometrically in the hydroxylation 
reaction (Myllyharju 2003). However, besides the hydroxylation-coupled 
decarboxylation, C-P4H catalyzes uncoupled decarboxylation of 2-oxoglutarate when a 
peptide substrate is absent. Uncoupled decarboxylation also occurs in the presence of 
certain nonhydroxylatable peptide sequences, and occasionally even in the presence of a 
saturating concentration of the peptide substrate (Tuderman et al. 1977, Myllylä et al. 
1984, Kivirikko et al. 1992). The main function of ascorbate in the hydroxylase reactions 
is to serve as an alternative oxygen acceptor in the uncoupled catalytic cycles where it is 
consumed stoichiometrically (Myllylä et al. 1984). Kinetic studies have demonstrated an 
ordered binding of all reaction partners; the nonheme Fe2+ becomes first bound to the 
enzyme, followed by 2-oxoglutarate, O2 and the peptide substrate (Myllylä et al. 1977, 
Tuderman et al. 1977). The reaction products are released in an ordered manner as well, 
with the exception of Fe2+ being not released between the catalytic cycles (Myllylä et al. 
1977, Tuderman et al. 1977). 

The catalytic cycle can be described by two reaction steps: initial generation of the 
hydroxylating species and its subsequent utilization for 4Hyp formation (Hanauske-Abel 
& Günzler 1982, Hanauske-Abel 1991). Based on sequence homology comparisons 
between different 2-oxoglutarate-dependent dioxygenases and modification by diethyl 
pyrocarbonate, it was suggested that histidine residues have an important role in the 
catalytic site of C-P4H (Myllylä et al. 1992). Based on site-directed mutagenesis studies 
and the availability of a structure of a related dioxygenase, isopenicillin N synthase 
(Roach et al. 1995, Roach et al. 1997), it is now known that the Fe2+ is located in a 
pocket formed by three ligands, His412, Asp414 and His483 in the human α(I) subunit 
(Figure 4) (Lamberg et al. 1995, Myllyharju & Kivirikko 1997). The current model 
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assumes that binding of 2-oxoglutarate occurs via three subsites. A positively charged 
residue ionically binds the C5 carboxyl group of 2-oxogluterate. Site-directed 
mutagenesis studies of the human α(I) subunit indicated that the side chain forming 
subsite I is provided by Lys493 in position +10 with respect to the second Fe2+-binding 
histidine (Myllyharju & Kivirikko 1997). This was subsequently confirmed when the first 
2-oxoglutarate-dependent dioxygenase, namely cephalosporin synthase, was crystallized. 
In this enzyme this function was carried out by an arginine, the other positively charged 
residue besides lysine, in an identical position (Valegård et al. 1998). Subsite II involves 
two cis-positioned coordination sites of the enzyme-bound Fe2+, while subsite III 
involves a hydrophobic binding site in the C3-C4 region of the cosubstrate. Based on 
site-directed mutagenesis studies, a third critical histidine residue, His501 in the human 
α(I) subunit, is involved in the reaction cycle (Lamberg et al. 1995) by directing the 
orientation of the C1 carboxyl group of 2-oxoglutarate to the active iron center. It is then 
involved in the breakdown of the tetrahedral ferryl intermediate to succinate, CO2 and 
ferryl ion (Figure 4) (Myllyharju & Kivirikko 1997). Binding of molecular oxygen is 
assumed to occur to the Fe2+ end-on in an axial position producing a dioxygen unit 
(Hanauske-Abel & Günzler 1982). The ascorbate binding site also contains the two cis-
positioned coordination sites of the enzyme-bound iron mentioned above (Majamaa et al. 
1986).  

These catalytically critical residues are conserved in all C-P4H α subunits (Figure 2). 
However, the residue corresponding to the His501 in the human α(I) subunit is replaced 
by an arginine in some cases. No major differences have been detected in the Km values 
for Fe2+, 2-oxoglutarate, O2 and ascorbate between the animal C-P4Hs (Veijola et al. 
1994, Helaakoski et al. 1995, Veijola et al. 1996b, Annunen et al. 1997, Annunen et al. 
1999, Myllyharju et al. 2002, Kukkola et al. 2003, Winter et al. 2003). The Fe2+-binding 
residues, two histidines and an aspartic acid, are conserved also in the LHs and P3Hs and 
in addition they have a positively charged residue at position +10 with respect to the 
second Fe2+-binding histidine although no overall amino acid sequence similarity exists 
between the C-P4H α subunits, LHs and P3Hs (Hautala et al. 1992, Yeowell et al. 1992, 
Valtavaara et al. 1997, Passoja et al. 1998, Valtavaara et al. 1998, Vranka et al. 2004). 
Likewise, besides conservation of the catalytically critical residues, no overall amino acid 
sequence similarity exists between the C-P4H α subunits and the HIF-P4Hs (Bruick & 
McKnight 2001, Epstein et al. 2001, Ivan et al. 2002). The HIF-P4Hs also differ from the 
C-P4Hs in that the positively charged residue that binds the C-5 carboxyl group of the 2-
oxoglutarate is an arginine in position +9 with respect to the second Fe2+-binding 
histidine. 
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Fig. 4. Schematic representation of the first half-reaction of C-P4H and the critical residues 
at the catalytic site of the human C-P4H α(I) subunit. The Fe2+ is coordinated with the 
enzyme by His412, Asp414 and His483. The 2-oxoglutarate-binding site consists of subsite I 
including Lys493, which ionically binds the C5 carboxyl group of 2-oxoglutarate. Subsite II is 
characterized by two cis-positioned equatorial coordination sites of enzyme-bound Fe2+ and is 
chelated by the C1 carboxyl and C2 oxo functions. Molecular oxygen is bound end-on in an 
axial position, producing a dioxygen unit. (A) One of the electron-rich orbitals of the dioxygen 
is directed to the electron-depleted orbital at the C2 of the 2-oxoglutarate bound to the iron. 
(B) Nucleophilic attack on C2 forms a tetrahedral intermediate, with loss of the double bond 
in the dioxygen unit and of double bond characteristics in the oxo-acid moiety. (C) 
Elimination of CO2 coincides with the generation of succinate and a ferryl ion, which 
hydroxylates a proline residue in the peptide substrate in the second half-reaction. His501 is 
an additional important residue at the catalytic site, probably being involved in both 
coordination of the C1 carboxyl group of 2-oxoglutarate to Fe2+ and cleavage of the 
tetrahedral ferryl intermediate. Reproduced from Kivirikko and Myllyharju (1998) with 
permission from Elsevier. 

2.2  The β subunit of collagen prolyl 4-hydroxylase 

The existence of a β subunit-related protein in many cells with a large excess over the 
active C-P4H tetramer, was explained by the discovery that the β subunit is identical to 
the enzyme and chaperone PDI (EC 5.3.4.1) (Koivu et al. 1987, Pihlajaniemi et al. 1987). 
PDI has been cloned and characterized from many animal, plant, yeast, and other 
microbial sources (Kivirikko & Pihlajaniemi 1998). The human PDI polypeptide consists 
of 491 amino acids with an additional 17-residue signal peptide (Pihlajaniemi et al. 
1987). It has been shown that even when PDI serves as the β subunit of C-P4H, it 
possesses disulphide isomerase activity, although this activity is not involved or required 
in the hydroxylation reaction (Koivu et al. 1987, Vuori et al. 1992b).  

The PDI/β subunit performs several tasks in the C-P4H tetramer (Kivirikko & 
Myllyharju 1998). The most important role of the PDI/β subunit is to keep the highly 
insoluble α subunits in a non-aggregated, catalytically active form. The α subunits 
aggregate immediately if the C-P4H tetramer is dissociated (Kivirikko & Myllyharju 
1998). Furthermore, insoluble aggregates without C-P4H activity are formed when an 
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α subunit is expressed in insect or P. pastoris cells or in an in vitro translation system 
without the PDI/β subunit (Vuori et al. 1992a, John et al. 1993, Helaakoski et al. 1995, 
Vuorela et al. 1997). Coexpression studies with the molecular chaperone BiP (see section 
2.3.3.2) revealed that BiP forms soluble complexes with the human C-P4H α(I) subunit 
(Veijola et al. 1996b). However, the chaperone-like activity of PDI is evidently only one 
part of its function in the active C-P4H tetramer, as the soluble BiP/α(I) complexes had 
no C-P4H activity. It was assumed, that BiP may bind to early folding intermediate forms 
of the α(I) subunit and consequently stabilize a non-native conformation (Veijola et al. 
1996b).  

Human PDI has at its C terminus a typical ER retention signal, -KDEL (Koivu et al. 
1987, Pihlajaniemi et al. 1987, Pelham 1989b, Noiva 1999). The C-P4H α subunits have 
no ER retrieval sequence, the PDI/β subunit thus being responsible for keeping the 
tetramer within the ER. Coexpression studies in insect cells of an α subunit with PDI 
polypeptides lacking the KDEL sequence showed secretion of the separate polypeptides 
and the C-P4H tetramer into the culture medium (Vuori et al. 1992b).  

2.2.1  Multiple functions of PDI 

PDI has been an object of research for more than 40 years. It is conserved in all 
eukaryotes, including animals, fungi and plants (Ferrari & Söling 1999). It is persistently 
expressed in most tissues and organs and one of the most abundant proteins in the ER. As 
part of the unfolded protein response (UPR) the expression of PDI genes are enhanced 
when stress causes accumulation of unfolded proteins. PDI is a multi-domain member of 
the thioredoxin superfamily with multiple functions (for reviews, see Ferrari & Söling 
1999, Freedman et al. 2002, Ellgaard & Ruddock 2005). PDI is involved in all catalytic 
reactions of native disulphide bond formation. It catalyses thiol-disulphide oxidation, 
reduction and the rearrangement of incorrect disulphides, called isomerization (for 
reviews, see Noiva 1994, Noiva 1999, Wilkinson & Gilbert 2004).  

The catalytic mechanism used by protein thiol-disulfide oxidoreductases for the 
formation or reduction of disulphides is well known (Gilbert 1990), see section 2.3.3.3. 
The oxidoreductases catalyse disulphide exchange between the enzyme and the substrate 
via the formation of a mixed disulphide between the substrate and the oxidoreductase. 
The oxidoreductase becomes reduced when it catalyzes the oxidation of two substrate 
cysteinyl sulfhydryls. Likewise, it becomes oxidized when it catalyzes the reduction of a 
disulphide bridge. Parameters like redox potential, substrate and product concentrations, 
along with redox conditions of the ER lumen determine the direction of the reaction.  

The chaperone activity of PDI is independent of its redox activity (Wang & Tsou 1993, 
Quan et al. 1995, Lumb & Bulleid 2002). The chaperone-like function of PDI that assists 
the refolding of proteins to their active state by suppressing aggregation has been noticed 
in many cases, examples are folding of D-glyceraldehyde-3-phosphate dehydrogenase 
(Cai et al. 1994), lysozyme (Otsu et al. 1994, Puig & Gilbert 1994), and rhodanese (Song 
& Wang 1995). PDI has also been shown to interact with procollagen chains presumably 
to prevent the secretion of unassembled chains until the correct native triple-helical 
structure of a procollagen molecule is reached (Wilson et al. 1998, Bottomley et al. 
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2001). Additionally, PDI has been found to interact with ubiquilin, with both being up-
regulated after hypoxia, suggesting a role in ischemic stress response in glial cells (Ko et 
al. 2002). 

 In addition to functioning as the β subunit of C-P4H, PDI carries out a similar 
function in the microsomal triglyceride transfer protein dimer, where it keeps the α 
subunit in a catalytically active, non-aggregated conformation (Wetterau et al. 1990, 
Wetterau et al. 1991). The disulphide isomerase activity of PDI is not required for the 
triglyceride transfer activity (Lamberg et al. 1996 b). 

Other proposed roles for PDI include the formation of isopeptide bonds that lead to 
covalently cross-linked proteins. This function was identified by cloning of the 
transglutaminase from the nematode Dirofilaria immitis and was demonstrated by 
transglutaminase activity of bovine PDI (Noiva 1999). Interactions between many of the 
acidic residues in PDI with calcium ions enable PDI to be a major calcium binding 
protein of the ER (Macer & Koch 1988). It has also been proposed that PDI is involved 
through protein or DNA association in the activation, signalling or regulation of cell-cell 
interactions (Noiva 1999).  

2.2.2  Structure of PDI 

The mammalian PDI molecule is a modular protein, composed of domains a, b, b´, a´ and 
an acidic C-terminal extension c, that harbors the ER-retention signal (Edman et al. 1985, 
Pihlajaniemi et al. 1987, Freedman et al. 1998). The a and a´ domains are characterized 
by the catalytically active thioredoxin -Cys-Gly-His-Cys- motif, and can act as 
oxidoreductases by themselves, while the b and b´ domains are redox inactive (Ellgaard 
& Ruddock 2005). Based on sequence similarity the PDI a and a’ domains were predicted 
to have a thioredoxin-like structure (Edman et al. 1985, Pihlajaniemi et al. 1987). NMR 
studies of the a and b domains of human PDI have shown that both domains have a 
thioredoxin-like fold (Kemmink et al. 1996, Kemmink et al. 1997) and thus the full-
length PDI was suggested to be composed of four thioredoxin-like domains, two active 
ones, and two inactive ones (Kemmink et al. 1997). 

Recently, after 30 years of attempts to crystallize PDI, the first complete structure of a 
full-length yeast PDI was solved at 2.4 Å resolution (Tian et al. 2006). The structure 
showed that the polypeptide indeed consists of four thioredoxin-like domains that are 
arranged in the shape of a twisted "U" with the catalytically active sites facing each other 
across the long sides of the "U". Interactions with substrates are facilitated by enriched 
hydrophobic residues on the inside of the surface of the "U". The location of the C-
terminal tail opposite the active site in the a´ domain argues against its involvement in the 
catalytic activity of PDI. However, studies with truncated constructs showed that the C-
terminal residues play an important role in the activity of the yeast PDI, probably due to 
its stabilizing effect on the a´domain. The C-terminal extensions of yeast and mammalian 
PDIs share low sequence identity (Tian et al. 2006), and it has been shown that the C-
terminal extension of mammalian PDI probably does not play any role in its activities 
(Darby et al. 1998, Koivunen et al. 1999). The primary substrate binding site has been 
identified in the b´ domain of human PDI (Klappa et al. 1998), consisting of a highly 



 32

hydrophobic pocket and a crucial Ile272 residue in the human PDI (Pirneskoski et al. 
2004). However, this site alone is not sufficient for binding long substrates, e.g. three 
binding sites in PDI domains a, b´ and a´ contribute to the C-P4H tetramer assembly 
(Koivunen et al. 2005). 

Based on similar primary structures and domain boundaries, it is likely that the 
mammalian and yeast PDIs share the same three-dimensional architecture. This includes 
the relative orientation of the domains with the two active sites facing each other, and the 
continuous hydrophobic surface along with the primary binding site in the b´ domain for 
protein interactions.  

2.3  Expression of recombinant proteins 

Recombinant protein production means the synthesis of heterologous proteins coded by 
inserted foreign DNA sequences using the transcription and translation machinery of the 
host organism. Recombinant proteins are produced in various expression systems. By 
exploiting genetic engineering techniques and biotechnological processes, large amounts 
of proteins can be produced for detailed characterization or for industrial and 
pharmaceutical uses. Production of recombinant pharmaceuticals is a field of 
continuously expanding importance in medicine. More than 30 recombinant proteins 
have been introduced into therapy and about 300 are under development (Schmidt 2004).  

The properties and the final intended use of the recombinant protein determine the 
choice of the host for the production. Formation of a correct structure is required for the 
production of a fully active protein. Generally organisms of higher eukaryotic origin are 
favored as hosts for a protein that consists of multiple subunits or requires post-
translational modifications. Besides the consistent product quality, cost-effective 
production including downstream processing is the key criteria in industry. Secretory 
expression systems that secrete the correctly folded proteins into the culture broth are 
advantageous due to omission of the costly cell disintegration step. Further, they provide 
simple and fast purification procedures, as the denaturation and refolding processes often 
needed for incorrectly folded proteins expressed in cytosolic systems are not required 
(Schmidt 2004).  

2.3.1  Expression systems 

Escherichia coli is one of the most widely used prokaryotic organism for recombinant 
protein production, for both research and industrial purposes (Baneyx & Mujacic 2004). 
Insulin was the first recombinant human protein that was produced in E. coli (Goeddel et 
al. 1979). The reasons for the preferred use of E. coli as a host are its profound genetic 
and physiological characterization. This includes a complete genomic sequence (Blattner 
et al. 1997), the short generation time, the ease of manipulation and cultivation, the 
feasibility of fed-batch technique and the capacity to accumulate foreign proteins to more 
than 50% of the total cellular protein content (Baneyx & Mujacic 2004, Schmidt 2004, 
Xu et al. 2006). Heterologous proteins can be expressed in the cytoplasm of E. coli or can 
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be targeted for secretion to the periplasm or extracellular fluid. Only a small number of E. 
coli proteins are secreted into the growth media. Profound knowledge of the secretory 
pathways is needed to use the existing pathways for secretion of heterologous proteins. 
The use of signal sequences, fusion partners or permeabilizing proteins that affect the 
permeability of the outer membrane, are tools for expression of secreted proteins 
(Georgiou & Segatori 2005). Considerable extracellular protein yields of 1-15 mg/L 
secreted polypeptides from different sources such as Campylobacter jejuni (262 residues 
in length) were obtained by fusing an untranslated DNA fragment of the flagellin protein 
FliC (Majander et al. 2005). 

Alternative prokaryotic species with enormous secretion capacity have been tested 
successfully as expression hosts. The occurrence of disulphide-bond formation, correct 
N-terminal processing and simplification of downstream purification argue for 
recombinant prokaryotic production systems capable of secretion. High product yields of 
2 g/L and 1 g/L, respectively, have been obtained when human calcitonin was produced 
by Staphylococcus carnosus (Dilsen et al. 2000) or human proinsulin by Bacillus subtilis 
(Olmos-Soto & Contreras-Flores 2003). Furthermore, Pseudomonas fluorescens (Landry 
et al. 2003) and Streptomyces lividans (Pierce et al. 2002) have been used to produce 
Thermococcales derived and Streptomyces thermoviolaceus α-amylase, respectively. 
Ralstonia eutropha (Barnard et al. 2004) has been employed for the production of 10 g/L 
Pseudomonas diminuta organophosphohydrolase. Outstanding problems, namely 
jamming of the membrane translocation machinery, misfolding and proteolytic 
degradation still have to be solved to make these systems more efficient (Georgiou & 
Segatori 2005). 

Eukaryotic expression systems offer the advantage of post-translational modifications 
like glycosylation, amidation, methylation, and more efficient and accurate disulphide-
bond formation. As compared with E. coli, yeast as a eukaryotic cell has a protein 
expression and processing machinery that is much more similar to that of higher 
eukaryotes. Yeasts can be grown rapidly in cheap media and are suitable for high-cell-
density fermentation. Saccharomyces cerevisiae, Kluyveromyces lactis, Pichia pastoris, 
Yarrowia lipolytica and Hansenula polymorpha have been used as hosts for recombinant 
protein expression (for reviews, see Gellissen 2000, Schaffrath & Breunig 2000, Forsburg 
2005, Macauley-Patrick et al. 2005). Due to its excellent secretion efficiency and good 
process performance P. pastoris is currently the most favored yeast species for 
recombinant protein expression. More than 500 recombinant proteins have been produced 
in P. pastoris (Ilgen et al. 2005) and yields as high as 15 g/L have been reported for a 
murine collagen fragment (Werten et al. 1999).  

Filamentous fungi as expression hosts are not well investigated yet and more detailed 
knowledge on their physiology, genetics and glycosylation metabolism is needed. 
However, high yields of heterologous fungal enzymes, e.g. 4.6 g/L Aspergillus niger 
glucoamylase in A. awamori (Schmidt 2004) and 4.0 g/L Fusarium protease in 
Acremonium chrysogenum (Morita et al. 1994) have been obtained. Fungal hosts have 
been successfully used for the heterologous production of laccases that are highly 
interesting industrial enzymes. Recombinant expression of a Phlebia radiata laccase has 
been reported in Trichoderma reesei (Saloheimo et al. 1991). In fed-batch fermentation 
920 mg/L Melanocarpus albomyces laccase was obtained in T. reesei (Kiiskinen et al. 
2004). A yield of more than 100 g/L could be obtained for native enzyme production in T. 
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reesei (Cherry & Fidantsef 2003). The yield of human proteins in these hosts is hampered 
by restrictions in post-translational steps, like intracellular transport, folding and 
processing (Schmidt 2004, Nevalainen et al. 2005). 

Over the past 20 years the insect cell expression system using baculoviruses has 
become one of the most intensely used eukaryotic systems for routine production of 
recombinant proteins. This system has eukaryotic protein processing capabilities in the 
folding, modification, transport and assembly of newly synthesized polypeptides that 
enables production of highly authentic, soluble recombinant products. The use of this 
system in recombinant protein production was first reported for α-interferon (Maeda et al. 
1985). A clear limitation of that system is, however, the N-glycosylation pathway that is 
distinct from that of mammalian cells and the difficulty in up-scaling (for a review, see 
Kost et al. 2005). 

In the last years there has been considerable progress in the use of mammalian 
expression systems concerning vector construction, selectable markers and advances in 
gene-targeting and high-throughput screening. Chinese hamster ovary (CHO) cells 
represent the currently most commonly used cell type in mammalian expression system 
today (Andersen & Krummen 2002).  

Plants are suggested as a promising alternative to the conventional systems for 
large-scale production of recombinant proteins. This field of research, called molecular 
farming, is developing rapidly. It started with the recombinant human serum albumin, 
initially produced in transgenic tobacco and potato plants (Sijmons et al. 1990). Now 
several plant-derived recombinant proteins, like antibodies and vaccines, are already in 
advanced clinical trials (for reviews, see Abranches et al. 2005, Ma et al. 2005). 

An additional promising approach is the use of transgenic animals. Recombinant 
protein expression is achieved by secretion of proteins into the milk of various animals 
such as cows, goats, sheep, pigs, rabbits or mice. Lactating female goats have a high 
potential of producing large amounts of proteins, as they produce 5 g recombinant protein 
per L, meaning 4 kg of protein per year. Urine or transgenic chicken eggs are also 
suggested as production source. (Larrick & Thomas 2001) Examples of therapeutics 
produced in so called animal bioreactors and tested already in clinical studies show that 
the employment of transgenic animals is one option in the pharmaceutical industry. 
Patients were treated for example with recombinat human α-glucosidase (Van den Hout et 
al. 2000) and human C1 inhibitor (Larrick & Thomas 2001) produced in rabbits milk and 
antithrombin III produced in goats milk (Yeung 2000).Through nuclear transfer 
technology transgenic mice have been produced for years and established embryonic 
stem cells from cattle and goats have been reported. A breakthrough was the sheep Dolly, 
generated by using a nucleus from an adult somatic cell (Wilmut et al. 1997). 

Cell-free protein synthesis systems offer several advantages over in vivo expression 
systems, such as the absence of a cell wall or cell membrane barrier, direct control of 
reaction conditions to promote folding (Kim & Swartz 2004), the possibility to 
incorporate unnatural amino acids (Kigawa et al. 2002), and the lack of laboriuous 
genetic manipulation steps (Calhoun & Swartz 2006). However, cell-free protein 
synthesis reactions have not been considered as an alternative method for commercial 
protein production, mainly because of high reagent costs, scale-up issues and substrate 
instability (Calhoun & Swartz 2005).  
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2.3.2  Recombinant expression of proteins in E. coli 

When E. coli is used as a host for recombinant protein expression, many parameters are 
important for a successful process, including transcriptional and translational efficiency, 
stability of the expression vector and the transcribed mRNA, localization of the protein 
product, folding, proteolytic stability and cell growth (section 2.3.5, Table 2). The yield 
of a recombinant protein is dependent on factors like the bacterial strain, vector, strength 
of induction, medium, temperature and compartmental localization of the product (Figure 
5). The effect of the different variables is not predictable and an optimization of the 
production process is needed for each single target protein. There are many strategies 
available to optimize solubility, functionality and minimization of proteolysis of the 
target protein. The decision for the compartmental localization of the product is 
influenced by the presence of essential disulphide bonds or the aimed downstream 
procedure. Nowadays a large assortment of commercial expression systems for E. coli is 
available, including various strains with different genotypes, vectors with different 
selection markers, promoters, tags, fusion partners, and compartment localization signals 
in many combinations with appropriate cloning strategies (for reviews, see Baneyx 1999, 
Balbás 2001, Neubauer & Winter 2001, Jonasson et al. 2002, Sørensen & Mortensen 
2005). 

 

Fig. 5. Folding, secretion and degradation of heterologous proteins in E. coli. 
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2.3.2.1  Choice of promoter 

The promoter is the highly conserved region of DNA located upstream of the gene where 
the RNA polymerase binds and starts to transcribe the genetic information of DNA into 
mRNA. In most promoters, activators and repressors modulate the frequency of 
transcription initiation that is the rate-limiting step in mRNA synthesis. The strength, 
stringent regulation of transcription initiation and cost effectiveness of inducers affect the 
choice of the promoter. Numerous inducible promoters from different sources like E. coli, 
bacteriophages and transposons, and also hybrid and synthetic promoters have been used 
for recombinant production in E. coli. Induction of these promoters is performed by the 
addition of chemicals, temperature shifts, by manipulation of pH, osmolarity or by 
nutritional starvation (for reviews, see Sawers & Jarsch 1996, Balbás 2001, Neubauer & 
Winter 2001). The most effective means for high-level protein expression is to boost 
expression of the target gene at the transcriptional level via strong promoter systems (Xu 
et al. 2006). 

The E. coli lactose utilization (lac) operon has been used to construct many promoters 
from lac-derived regulatory elements. The lac promoter itself is rather weak and leaky, 
and is only rarely used for the high-level production of recombinant proteins. However, 
its leakiness may be advantageous for the expression of membrane or toxic proteins 
(Baneyx 1999). The commercial promoter T5lac (Qiagen) contains an optimized 
promoter-operator element consisting of the –35 RNA polymerase recognition region 
from the coliphage T5 promoter that is recognized by the E. coli RNA polymerase. 
Furthermore, it has the –10 RNA polymerase recognition sequence of the lac operator 
sequence, which binds the lac repressor and ensures efficient repression of the T5 
promoter. The spacing between the –35 and –10 sequences affects the promoter strength 
and accounts for 17 nucleotides in the case of the T5 promoter. The non-hydrolyzable 
lactose analog isopropyl-β-D-1-thiogalactopyranoside (IPTG) is used to induce this 
promoter with concentrations between 50 µM to 1 mM. 

Among the various nutritionally inducible promoters the arabinose promoter (araBAD 
or PBAD) is induced by the inexpensive sugar L-arabinose and has been designed for tight 
control of expression (Guzman et al. 1995). However, autocatalytic mechanisms and 
arabinose degradation result in extensive heterogeneity in a cell population treated with 
subsaturating concentrations of the inducer. This problem can be circumvented by the use 
of strains deficient in arabinose transport and degradation (Sørensen & Mortensen 2005).  

As the level of transcription from the lac promoter depends on the endogenous 
concentration of lac repressor molecules and the catabolic repression effect, an 
alternative promoter independent of individual host properties and reversibly inducible by 
means of a commercially available chemical compound was in great demand (Skerra 
1994). The vector pASK75 has been developed for protein synthesis under transcriptional 
control of the tetA promoter/operator (Skerra 1994). The vector construct containing the 
promoter/operator of the Tn10 TcR gene (Hillen & Berens 1994, Lutz & Bujard 1997) has 
been successfully applied for tightly regulated bacterial expression of heterologous 
proteins. Tetracycline resistance of gram-negative bacteria is regulated by TetA efflux 
pumps which export tetracycline (Chopra & Roberts 2001). The expression of tetA genes 
is controlled by the product of a divergently transcribed gene, the TetR repressor. In the 
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absence of tetracycline, TetR binds to the tet operator sequences overlapping the 
promoter of the tetA gene and represses its transcription. When tetracycline enters the 
cell, it binds TetR and causes conformational changes that result in dissociation of TetR 
from the tet operator and allows expression of TetR-controlled genes. The transposon 
Tn10 contains three promoters of the tet control region acting bidirectionally. The tetA 
promoter directs transcription of the structural gene for the TcR protein in one direction, 
and two overlapping weaker promoters transcribe the tetR repressor gene in the opposite 
direction. In this way the repressor can regulate its own synthesis and transcription of tetA 
as well (Skerra 1994). Thus a basal level of promoter activity is present even in the 
absence of the natural inducer (for a review, see Grkovic et al. 2002). Insertion of the tetR 
gene with a specific distance from the tet control region into the vector pASK75 ensures 
tight repression of the tetA promoter. Therefore, the tetR gene with its ribosome binding 
site (RBS) was introduced downstream from the constitutively expressed bla gene, 
resulting in a transcriptional fusion (Skerra 1994). The advantage of the tet regulation is 
based on the tight control and sensitive induction by compounds that diffuse passively 
across biological membranes and do not require the presence of uptake proteins 
(Kamionka et al. 2004). 

2.3.2.2  Sequence modification 

The yield of a recombinant protein is influenced by many genetic elements affecting 
transcription and translation. The promoter strength, the basal transcription level and the 
induction range form the basis of suitability for an expression system. The interaction 
between the 16S rRNA and a region upstream of start codons of the foreign gene, namely 
the Shine-Dalgarno (SD) sequence is critical during the initiation of translation. Purine-
rich RBS sequences are used to generate efficient expression constructs, as they minimize 
the secondary structure of the mRNA. Sequence elements from E. coli and 
bacteriophages called "translational enhancers" are known to support efficient 
translational initiation. (McCarthy et al. 1985, Sprengart et al. 1996, Hannig & Makrides 
1998, Balbás 2001) No perfect RBS can be devised. However, enrichment of RBS with 
adenine and thymidine residues, mutation of specific nucleotides upstream or 
downstream of the SD sequence (Warburton et al. 1983) and the use of translationally 
coupled systems are recommended (Makrides 1996). The preferred translational 
termination sequence of the three termination codons in E. coli is UAA and the 
tetranucleotide UAAU is the most efficient translational termination sequence (Poole et 
al. 1995).  

The preferred codon for one amino acid can vary between organisms and groups of 
genes (Karlin et al. 1998). The composition of the tRNA pool correlates with the codon 
preference (Ikemura 1981, 1985). Two criteria have been suggested for the selective 
pressure of preferred codons for most abundant tRNA species: translational efficiency 
and translational accuracy. It has been shown that codon usage of E. coli is organized in a 
way to minimize the implication of translational errors and point mutations (Najafabadi et 
al. 2005). Furthermore, mRNA expression levels correlate with the stability of mRNA 
secondary structures and the codon usage bias (Jia & Li 2005). To understand the 
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quantitative relationship between codon usage and gene/protein expression, a number of 
various codon bias measures have been developed. A significant correlation between 
transcript levels and codon bias measures was found (dos Reis et al. 2003, Goetz & 
Fuglsang 2005), which may provide a tool to predict gene expression. 

Expression of heterologous DNA sequences containing rare codons can result in 
mistranslation (Calderone et al. 1996), premature translational termination (Kurland & 
Gallant 1996) or frameshifting (Sørensen & Mortensen 2005). Numerous sequences in 
mRNAs have been shown to cause ribosomes to switch reading frames in up to 50% of 
ribosome transits in E. coli (Farabaugh 2000). Translational frameshift signals were 
reported in E. coli for instance for the sequence CCCUGA (de Smit et al. 1994) and 
CCCCGA (Shu et al. 2004), and the tandem rare arginine codons AGG and AGA 
(Gurvich et al. 2005).  

The codon bias of E. coli affects the translation frequency of an mRNA. Synonymous 
codon exchange influences the translation rate and by modifying the ribosome traffic it 
affects the turnover of mRNA (Deana et al. 1996). It has been hypothesized, that an 
increased number of accumulated ribosomes bound to the mRNA due to rare codons 
increases half-life of the mRNA and protects from messenger decay (Gursky & 
Beabealashvilli 1994). 

Problematic rare codons in E. coli are for instance AGA, AGG and CGG for arginine, 
AUA for isoleucine, CUA for leucine, CCC for proline and AAG for lysine. The presence 
of rare codons may even lead to cell death (Zahn 1996). Severe effects are caused when a 
heterologous gene contains clusters of numerous rare E. coli codons (Kane 1995). To 
solve that problem, rare codons can be exchanged with more frequently used 
synonymous codons or by synthetic genes. Improved expression levels have been 
achieved by these approaches (Hale & Thompson 1998), but they are time consuming 
and expensive, respectively. An alternative option is to coexpress plasmids encoding rare 
tRNAs (Brinkmann et al. 1989).  

2.3.3  Product folding  

The information required for a polypeptide to reach a proper conformation is basically 
contained within its amino acid sequence (Anfinsen 1973). The vast majority of proteins 
are able to refold spontaneously into the native structure in buffer solutions free from 
denaturants (Jaenicke 1998). In contrast to the conditions of in vitro refolding, the 
situation in live cells is characterized by an extreme high concentration of proteins, 
nucleic acids and other macromolecules which affect intermolecular interactions. In the 
cytoplasmic environment with tightly coupled transcription and translation, a protein 
chain releases from the ribosome every 35 seconds and a concentration of up to 400 
mg/ml of folding proteins present the cell a challenging task (for a review, see Baneyx & 
Mujacic 2004). The folding proteins can not attempt all theoretically possible 
conformations in a short time, but are guided by folding pathways directing the process to 
the native thermodynamically stable state on an energetically low level. During the 
folding process the number of potential conformations decreases due to noncovalent 
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interactions (van der Waals forces, hydrogen bonds, salt bridges, polar electrostatic and 
hydrophobic interactions).  

The folding processes are different in prokaryotes and eukaryotes. In bacteria protein 
translation is up to 10 times faster than in eukaryotes and folding therefore occurs in 
prokaryotes mainly post-translationally (Ellis & Hartl 1999). In eukaryotes polypeptides 
fold efficiently by sequential and co-translational folding of their domains. This may be 
one of the reasons for the difficulties experienced in the folding of eukaryotic proteins in 
E. coli (Netzer & Hartl 1997). Many eukaryotic and prokaryotic proteins require the 
assistance of molecular chaperones (see section 2.3.3.1) that shield interactive surfaces 
from each other and from the solvent, and need folding catalysts to adopt a native 
structure (for a review, see Baneyx & Mujacic 2004). Foldases are enzymes that 
accelerate the rate-limiting steps along the folding pathway. These enzymes include 
peptidyl-prolyl cis/trans isomerases (PPIs) (cytoplasm, periplasm, ER) (Stoller et al. 
1995), calnexin/calreticulin (periplasm, ER) (Ellgaard & Helenius 2003) and thiol-
disulphide oxidoreductases for disulphide shuffling. 

In eukaryotic cells one-third of all proteins are translocated into the ER. Only correctly 
folded proteins that pass the quality control are exported from the ER (Kleizen & 
Braakman 2004). The protein concentration in the ER is about 100 mg/ml and the pH is 
neutral. The environment within the ER is oxidizing, therefore promoting the formation 
of disulphide bonds. In eukaryotic cells, the ratio of GSH (reduced glutathione) to GSSG 
(oxidized glutathione) is from 1:1 to 3:1 in the ER, whereas the overall cellular GSH to 
GSSG ratio ranges from 30:1 to 100:1 (Hwang et al. 1992). In the ER disulphide bond 
formation consumes ATP that is not present in the prokaryotic periplasm (Braakman et al. 
1992). However, the pathways for the formation of disulphide bonds in secreted proteins 
are generally similar in eukaryotic cells and bacteria. Electron transport takes place from 
the protein thiols to catalysts of disulphide bond formation, which continues subsequently 
to membrane-associated enzymes and ends at electron acceptors like oxygen (Masip et al. 
2004). 

The co-translational addition of N-glycans is restricted to the ER. N-glycans 
contribute to the folding process by influencing the conformation of the peptide 
backbone, and in addition, they are needed to counteract the hydrophobicity of the 
polypeptide chain (Anken & Braakman 2005). Glycosylation inhibitors have been shown 
to interfere with the folding and cause aggregation of many protein targets in the ER 
(Leavitt et al. 1977). Although it is generally known that recombinant expressed proteins 
in E. coli cannot be glycosylated, the N-linked glycosylation system of Campylobacter 
jejuni was functionally transferred to E. coli (Feldman et al. 2005). It remains interesting 
to see whether complicated eukaryotic proteins can be glycosylated with this system. 

Proteins intended for secretion but failing to fold correctly are recognized by the ER 
quality control machinery and are translocated back across the ER membrane to the 
cytosol where they become substrates for the ubiquitination and proteasomal degradation 
machinery (Swanton & Bulleid 2003). The complex degradation process is called ER 
associated degradation (ERAD) and involves different ERAD components similar to the 
folding procedure (Anken & Braakman 2005).  
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2.3.3.1  Chaperones and foldases 

Molecular chaperones exist in all organisms and in all cellular compartments and are 
proteins that assist in the folding of newly synthesized and stress-denatured proteins 
without affecting folding rates or becoming part of the final native protein (Table 1) (for 
reviews, see Frydman 2001, Deuerling & Bukau 2004, Kleizen & Braakman 2004, Young 
et al. 2004, Sőti et al. 2005). Molecular chaperones assist folding immediately after 
proteins are released from the ribosomes and support cell survival by operating with 
damaged proteins and preventing their aggregation. A characteristic feature of all 
chaperones is the stoichiometric and transient binding of folding intermediates (Deuerling 
& Bukau 2004). They also promote the refolding procedures after stress such as elevated 
temperature or handle them to the degradation machinery. There are topological and 
mechanistic differences in the folding processes of newly synthesized proteins and of 
stress-denatured ones to be rescued (Frydman 2001). 

 Furthermore, chaperones are involved in the transport of macromolecules and in 
events where large protein complexes are engaged, including signaling, transcription, cell 
division, migration and differentiation (Sőti et al. 2005). Chaperones interact together 
with their cochaperones as regulators of cellular networks, although they only have low-
affinity interactions. They appear to regulate processes in the membrane/organelle 
network, the signalling/transcriptional network and cytoskeletal network. For example 
the Hsp90 chaperone complex promotes the maturation of more than 100 kinase 
substrates (Sőti et al. 2005). Under stressful conditions, chaperones may mediate the de-
coupling of cellular integrity by disconnecting interactions between mitochondrial, ER, 
the nuclear membranes and vesicles and may protect the cells against damage. As one of 
the stress-inducing factors can be an elevated temperature, which leads to increased 
synthesis of the chaperones, these proteins are also called "heat shock" proteins (HSPs).  

Chaperones are a large family comprising three different functional subgroups: (i) 
folding chaperones that promote the net refolding/unfolding of bound substrates, (ii) 
holding chaperones that stabilize partially folded species until folding chaperones are 
available, and (iii) desaggregating chaperones that solubilize protein aggregates and 
transfer partially folded species to folding chaperones (Baneyx 2004).  

Most chaperones belong to the conserved Hsp families Hsp100, Hsp90, Hsp70, 
Hsp60, Hsp40 and to the small Hsps (the number refers to the typical molecular mass of 
the proteins) (Table 1). In eukaryotic cells the Hsp70/Hsp40 based chaperone systems and 
the nascent chain-associated complex, (NAC) are involved in binding of newly translated 
proteins and nascent chains. The ribosome-associated trigger factors interacting with 
nascent polypeptides (Wegrzyn & Deuerling 2005) are found only in bacteria and 
chloroplasts. Two major classes of ATP-dependent, structurally and functionally distinct 
chaperones, the Hsp70s (Mayer & Bukau 2005) and the cylindrical chaperonin 
complexes Hsp60 (Horovitz & Willison 2005) are involved in the folding of newly 
synthesized proteins of eukaryotic and prokaryotic cells (Frydman 2001). In some 
compartments, many Hsp70 homologs with distinct functions are found.  

Some of the chaperones and folding enzymes found in the eukaryotic cytosol or 
mitochondria have analogs present in the lumen of the ER forming a dense network. 
Many protein families can be listed as ER resident chaperones and foldases such as 
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Hsp90 (e.g. GRP94), Hsp70 (e.g. BiP, see section 2.3.3.2), Hsp40 (e.g. Sec63p), PPIs 
(e.g. Cyclophilin B) and PDI family members. The ER has also specific folding factors, 
such as the Ero and Erv family members, lectin adding and glycan trimming enzymes 
(e.g. calnexin and calreticulin) (Anken 2005).  

Human PDI (see section 2.2) belongs to the PDI family, which includes in total 14 
members including besides PDI for example also PDIp, ERp57, ERp72, P5, PDIr and 
Erp28 (Turano et al. 2002, Ellgaard & Ruddock 2005). 

The E. coli Hsp70 homolog is DnaK. The binding and release of the substrate of DnaK 
is regulated by two cofactors DnaJ and GrpE. DnaJ functions itself as a chaperone and 
binds unfolded polypeptides preventing their aggregation. The binding between DnaJ and 
DnaK generates the ADP-bound state of DnaK and enables its stable interaction with a 
polypeptide substrate. A nucleotide exchange factor, the GrpE protein, binds to the 
ATPase domain of DnaK and causes subsequently release of the bound ADP. Rebinding 
of ATP activates dissociation of the DnaK-substrate complex (Frydman 2001).  

Chaperonins are protein complexes that belong to chaperons and are found in all cells. 
The general structure and mechanism of chaperonins from archea, prokaryotes and 
eukaryotes are conserved despite differences. The cylindrical chaperonin complexes 
consist of two stacked rings. The barrel-like multimeric structure provides a protected 
folding environment for substrates. GroEL and its co-chaperone GroES belong to this 
family and are the only chaperones that are essential for the growth of E. coli (Fayet et al. 
1989). It has been assumed that in bacteria, binding of non-native polypeptides generated 
by either synthesis or stress-denaturation are equivalent processes, as the chaperone 
DnaK and the chaperonin GroEL have been found to interact with many newly translated 
polypeptides as well as stress-denatured proteins (Deuerling et al. 1999). The same 
principle has been proposed for the eukaryotic cytosol based on conserved structural and 
mechanistic properties between eukaryotic and prokaryotic chaperone systems (Frydman 
2001, Hartl & Hayer-Hartl 2002). Recently, however, genomic and functional analysis 
has indicated that eukaryotes contain separate chaperone networks. Besides stress-
inducible chaperones involved in polypeptide rescue, eukaryotic cells have stress-
repressed chaperones, which are specifically engaged in the new synthesis of proteins 
(Albanese et al. 2006).  

Approximately 10-20% of the proteins of E. coli are folded with the assistance of the 
Hsp60 and Hsp70 chaperone systems during normal exponential growth. This number 
increases to about 30% under heat shock conditions (Ewalt et al. 1997). Overexpression 
of recombinant proteins in E. coli can cause a heat shock like response followed by 
proteolysis and increased chaperone activity (Kosinski et al. 1992, Dong et al. 1995, 
Rinas 1996). 

The importance of molecular chaperones has led to an increasing interest in the use of 
co-overexpression of GroEL, GroES (Wynn et al. 1992, Wall et al. 1995), DnaK, DnaJ 
(Langer et al. 1992) and trigger factors (Nishihara et al. 2000) to improve the 
recombinant expression level of target proteins in E. coli. The success of the 
overexpression of a specific chaperone system is dependent on the specific target protein. 
Furthermore, in some cases it was reported that it is important that the chaperones 
coexpressed are from the same source as the target protein (Makrides 1996), e.g. shown 
for coexpression of plant chaperonin and Rubisco gene (Cloney et al. 1993). 
Recombinant protein production can be strongly improved by a proper coordination of 
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chaperone systems; e.g. trigger factor, GroEL/ES, and DnaK/J-GrpE that were 
coexpressed in different combinations to affect the overexpression of Penicillin acylase 
precursor (Xu et al. 2005). The growth temperature can affect the results of coexpression 
of chaperones, and phenotypic changes such as cell filamentation are disadvantageous for 
the productivity has been observed after coexpression of chaperones (Blum et al. 1992). 
However, many examples exist where the coexpression of chaperones or foldases 
markedly increased the yield of recombinant soluble and active protein in E. coli, e.g. 
coexpression of PPIase resulted in a 14-fold enhancement in specific cyclodextrin 
glycosyltransferase activity (Kim et al. 2005). The coexpression of signal sequenceless 
periplasmic chaperone Skp increased the yield of correctly folded antibody Fab 
fragments in E. coli by 6-fold (Levy et al. 2001) and simultaneous expression of the 
genes for cyclohexanone monooxygenase, GroEL/GroES and DnaK/DnaJ/GrpE showed 
a 38-fold enhancement in the enzyme activity (Lee et al. 2004).  



 43

Table 1. Overview about chaperone systems and their functions 

Family Example 
in E. coli 

Properties Activities Localization 

Hsp100 ClpB ring-shaped complexes 
with nucleotide binding 
domains 

act on substrates by influencing their 
conformation; unfoldase component 
of barrel-shaped proteases (Clps); 
disassembly of protein oligomers and 
aggregates  

found in pro- and 
eukaryotic 
cytosol, 
mitochondria, 
chloroplasts 

Hsp90 HtpG act generally on near-native 
proteins awaiting binding 
of a ligand to reach their 
final active conformation 

specific functions in regulating signal 
transduction pathways, through their 
actions on certain kinases and steroid 
receptors 

highly conserved 
proteins found in 
pro- and 
eukaryotic cytosol 
and ER 

Hsp70  substrate binding and 
release cycle is driven by 
the switching of Hsp70 
between the low-affinity 
ATP bound state and the 
high-affinity ADP bound 
state 

action: bind short stretches of 
extended polypeptide; function: 
prevention of aggregation of 
unfolded proteins and disassembly of 
multimeric complexes; role in: 
protein trafficking, protein folding, 
heat shock response 

highly conserved 
proteins, found in 
all species 
examined 

 DnaK active under heat shock 
conditions, but 
dnaK/grpE/dnaJ system is 
also active under normal 
conditions 

together with its co-chaperones DnaJ 
and GrpE (Hsp24), it protects 
denatured proteins from aggregation 
and promotes their refolding by an 
ATP-consuming mechanism 

 

Hsp60 GroEL  form barrel-like structure acting together with GroES (Hsp10); 
ATP-dependent folding and/or 
refolding of ~15–30% of total 
cellular proteins; action: bind 
substrates in their cavity allowing 
them to fold sequestered away; 
constitutively expressed and further 
induced during stress 

found in all 
prokaryotes, in 
mitochondria and 
chloroplasts 

Hsp40  family of cochaperones that 
regulate Hsp70 proteins 

action: stimulate ATPase activity of 
their HSP70 partners some are 
chaperones themselves and bind 
unfolded polypeptide 

found in 
prokaryotes and 
eukaryotes  

 DnaJ DnaJ has a highly 
conserved N-terminal J 
domain required for 
stimulation of DnaK 
ATPase activity 

  

Small heat-
shock 
proteins 
(sHsps)  

IbpA, IbpB low molecular mass (15-30 
kDa); diverse group with 
only short sequence motifs 
conserved quarternary 
structure: oligomers 
ranging from 9-50 subunits

diverse; chaperone function is 
independent of ATP; bind partially 
denatured proteins, thereby 
preventing irreversible protein 
aggregation during stress; thought to 
act as monomeric form by masking 
hydrophobic patches on substrate 
proteins 

ubiquitous in 
nature, but 
unusually diverse 
and abundant in 
plants 

References: Frydman (2001), Young et al. (2004). 
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2.3.3.2  Immunoglobulin heavy chain binding protein (BiP) 

The BiP of animal cells was originally identified independently as the immunoglobulin 
heavy chain binding protein (Haas & Wabl 1983) and as the glucose regulated protein, 
named Grp78 (Pouyssegur et al. 1977). It is an ER-located member of the Hsp70 
chaperone family and its main function is to act as a chaperone in many ER functions, 
more precisely in polypeptide translocation, protein folding, regulation of the ER folding 
machinery and protein degradation (Munro & Pelham 1986, Pelham 1989a, Gething & 
Sambrook 1992).  

No interaction between BiP and native polypeptides has been observed, but misfolded 
proteins are retained in the ER by BiP (Hammond & Helenius 1995). BiP assists the 
folding and assembly of newly synthesized proteins by recognizing unfolded 
polypeptides and by inhibiting aggregation of exposed hydrophobic regions, thus 
enabling subsequent folding and oligomerization of proteins (Gething 1999). Newly 
synthesized proteins are bound only transiently by BiP, whereas misfolded, 
underglycosylated or unassembled proteins become bound more permanently (Gething & 
Sambrook 1992). An additional function of BiP is to maintain the permeability barrier of 
the ER membrane. It has been suggested that BiP seals the pore at the ER lumenal side 
(Hamman et al. 1998), interacts immediately with an unfolded nascent polypeptide chain, 
and facilitates the translocation of nascent chains into the ER (Kleizen & Braakman 
2004). 

 Furthermore, BiP is believed to serve as an ER stress sensor. ER proteins that have 
not reached a correct fold will not pass a quality control system that is based on the 
recognition of the attained tertiary or quaternary structure, and will be retained in the ER 
(Ellgaard & Helenius 2003). Accumulation of unfolded or misfolded proteins in the ER 
lumen activates the unfolded protein response (UPR) (Zhang & Kaufman 2006) and 
increased binding of BiP to unfolded proteins is supposed to trigger the UPR. For this 
role, the amount of BiP is critical and its expression is tightly controlled at a post-
transcriptional level (Gulow et al. 2002).  

Like other Hsp70 proteins, BiP consists of two major domains, an N-terminal domain 
containing the ATPase catalytic site and a substrate binding domain at the C terminus 
(McKay 1993). These domains define the affinity and duration of peptide binding. 

2.3.3.3  Disulphide bond formation in E. coli 

As the thiol-disulphide redox potential of the cytoplasm is too low to promote the 
thermodynamic formation and isomerization of disulphide bonds, stable disulphide bond 
formation in the cytoplasm is an extremely rare event (Bessette et al. 1999) and mainly 
limited to some regulatory proteins like oxyR (Åslund et al. 1999). Most of the 
disulphide bond containing proteins are exported proteins going with the fact that 
unfolded conformations are often required for the translocation of the proteins. 
Disulphide bond formation occurs in the ER of eukaryotes and in the periplasm of 
bacteria where it is catalyzed by redox proteins (Raina & Missiakas 1997). Therefore, for 
recombinant proteins which contain many disulphide bonds it is generally recommended 
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to target them to the periplasm. Other advantages of the periplasmic expression are the 
simplified purification procedures due to the low amounts of endogenous periplasmic 
proteins, the different set of proteases and the relatively large size of the periplasmic 
compartment (Neubauer & Winter 2001). The vast majority of secreted proteins in E. coli 
are translocated via the secretory (Sec-) and signal recognition particle (SRP)-dependent 
pathways and targeted to the Sec pore. Only a small number of proteins are exported via 
the twin arginine transporter (Tat) pathway. These proteins have completed their folding 
already in the cytoplasm (Georgiou and Segatori). Numerous signal peptides have been 
used for successful protein translocation, e.g. E. coli PhoA signal and OmpA (Denéfle et 
al. 1989), or PelB from Erwinia carotovora (Lei et al. 1987).  

The pathways of the disulphide bond formation and isomerization in E. coli are well 
described. The structures of their soluble components and the kinetic parametes of most 
of the interactions have been reported elsewhere (Messens & Collet 2006). The oxidative 
folding of secretory proteins in E. coli is catalysed by the thiol-disulphide 
oxidoreductases DsbA and DsbC that are members of the thioredoxin superfamily and 
contain the specific -Cys-X-X-Cys- motif in their active site (Ritz & Beckwith 2001). 
Disulphide bond formation in E. coli was long thought to be independent of enzyme 
catalysts, until the discovery of DsbA, which showed that it was required in the Gram-
negative bacteria for disulphide bond formation (Bardwell et al. 1991). DsbA oxidizes 
substrate proteins and is maintained in an oxidized state by DsbB, a quinone reductase 
(Bardwell et al. 1993). After donating its disulphide bond to a substrate protein, the 
reduced DsbA is released. Before a new catalytic oxidation cycle starts, DsbA is 
reoxidized by DsbB. This system is similar to the eukaryotic pathway in which PDI 
oxidizes proteins and is itself oxidized by Ero1. The similarity was confirmed, when dsbA 
mutants were complimented by the addition of human PDI into the bacterial periplasm 
(Humphreys et al. 1995). A membrane-embedded electron transport system provides the 
oxidizing power in E. coli and utilizes molecular oxygen as a final acceptor. The 
electrons flow from DsbB to ubiquinones and then to terminal oxidases, which transfer 
the electrons to oxygen in a reaction coupled to H+ transfer and to the production of H2O 
(Bader et al. 1999). It was recently found that a thiolate-quinone charge transfer complex 
and its adduct formation are involved in de novo disulphide bond generation by DsbB 
(Inaba et al. 2006).  

A novel pathway of disulphide bond formation in the periplasm has been designed and 
engineered by imposing evolutionary pressure on trxB gor mutants. Thioredoxin was 
used as the disulphide exchange protein by acting as catalyst of disulphide bond 
formation in the cytoplasm under oxidizing conditions. Succesfull export of the mutant 
protein via the Tat pathway was a selection criterion. Thioredoxin mutants with three 
different active-site sequences were isolated in the absence of DsbB. Surprisingly, the 
mutants contain a third cysteine in a -Cys-X-Cys-Cys- motif, which leads to dimerization 
of the protein and the acquisition of an [2Fe-2S] iron-sulfur cluster (Masip et al. 2004). 

The bacterial pathway for disulphide bond rearrangement and reformation is 
kinetically separated from the oxidation pathway and consists of the disulphide 
isomerases DsbC and DsbG and a membrane protein, DsbD. Two membrane-embedded 
cysteines in DsbD alternate between the oxidized (disulphide-bonded) and reduced states 
in this process (Porat et al. 2004). DsbC and DsbG rearrange non-native disulphides to 
their native configuration to prevent protein misfolding and aggregation. They are 
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maintained in a reduced state by DsbD, which itself is reduced by cytoplasmic 
thioredoxin exploiting NADPH as the ultimate electron source (Rietsch et al. 1997, 
Collet & Bardwell 2002, Nakamoto & Bardwell 2004, Messens & Collet 2006).  

The cytoplasm of E. coli is maintained in a reduced state with a GSH/GSSG ratio that 
ranges from 50:1 to 200:1, which disfavors the formation of disulphide bonds (Hwang et 
al. 1992). Two thioredoxins, TrxA and TrxC, and three glutaredoxins are found in the E. 
coli cytoplasm (Rietsch & Beckwith 1998, Åslund & Beckwith 1999). They become 
oxidized upon reducing disulphide bonds and need to be reduced to regain activity. This 
is performed by the thioredoxin reductase (TrxB) and glutathione (GshA, GshB), 
respectively, and glutathione is in turn reduced by glutathione reductase (Gor) (for 
reviews, see Holmgren 1989, Rietsch & Beckwith 1998, Ritz & Beckwith 2001, 
Kadokura et al. 2003, Nakamoto & Bardwell 2004, Messens & Collet 2006). 

Efficient folding of proteins with multiple disulphide bonds in the cytoplasm of E. coli 
has been reported, when mutants with eliminated components of the cytoplasmic 
disulphide bond reduction machinery have been used. Two pathways, the thioredoxin 
system and the glutaredoxin system, use NADPH to reduce disulphide bonds that are 
formed in some cytoplasmic enzymes and occasionally in some cytoplasmic proteins. 
These systems can be partially substituted for each other since double mutants missing 
parts of both systems show a higher disulphide bond formation rate in the cytoplasm than 
single mutants. In a trxB mutant strain the oxidized thioredoxins actively participate in 
the formation of disulphides in the cytoplasm (Stewart et al. 1998). Strains with even 
more efficient disulphide bond formation are trxB gor and trxB gshA double mutant 
strains, which in addition have a nonfunctional glutathione/glutaredoxin pathway 
(Bessette et al. 1999). The expression level of the complex eukaryotic protein tissue 
plasminogen activator with 17 disulphide bonds has been shown to be higher in the 
cytoplasm of a trxB gor mutant strain than in the periplasm. Consequently, such strains 
have turned out to be valuable tools to improve the expression level of proteins 
containing disulphide bonds and are commercially available. Unfortunately, these double 
mutants normally grow very poorly and require an exogenous reductant such as 
dithiothreitol to achieve reasonable growth (Prinz et al. 1997). However, suppressor 
mutant strains with slightly faster kinetics of disulphide bond formation, higher yields of 
properly oxidized proteins and fast growth rates have been isolated (Bessette et al. 1999). 
High levels of disulphide-bond containing recombinant proteins have been produced in 
the cytoplasm of trxB gor mutants, including e.g. functional antibody Fab fragments 
(Jurado et al. 2002, Venturi et al. 2002). 

An addition of L-arginine and reduced GSH has been reported to increase the 
periplasmic expression levels of a recombinant tissue-type plasminogen activator variant 
and a single chain antibody fragment up to 10- and 37-fold, respectively (Schäffner et al. 
2001). Enhancement of soluble disulphide-bonded protein production in the cytoplasm by 
coexpression of chaperones or foldases is also a widely used method (Georgiou & Valax 
1996). An addition of reduced glutathione together with DsbC has been shown to increase 
the yield of a recombinant protein 26-fold (Maskos et al. 2003) and addition of DsbC in 
combination with DsbD enhanced periplasmic production of human nerve growth factor 
(Kurokawa et al. 2001). 
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2.3.3.4  Inclusion body formation 

If deficient formation of disulphide bonds in the cytoplasm of E. coli hampers the 
formation of the native structure, proteins accumulate intracellularly in the form of 
insoluble aggregates, called inclusion bodies (IBs). This is the case in 40% of 
recombinant proteins expressed in E. coli (Neubauer et al. 2006). IBs are occasionally 
also found in yeasts and higher eukaryotes (Lilie et al. 1998). Formation of IBs occurs 
particularly when eukaryotic target proteins are produced in bacteria at a fast rate and a 
high level. Especially, high inducer concentrations in complex growth media and high 
cultivation temperature are stimulating factors for aggregation (Neubauer & Winter 
2001). IBs can also accumulate in the periplasm if a recombinant protein designed for 
secretion does not fold fast enough or incorrectly in this compartment. Even endogenous 
proteins may accumulate into IBs if overexpressed at a high rate (Gribskov & Burgess 
1983).  

It has been proposed that the IB formation depends on the specific folding behavior 
rather than on the features of the protein such as size, subunit structure, relative 
hydrophobicity or fusion partner (Fahnert et al. 2004). The formation of aggregates 
depends on folding-rate-limiting features such as disulphide bonds and can be caused by 
mutation of even a single cysteine residue (Rinas et al. 1992). Also other single amino 
acid substitutions such as a change of methionine to glutamic acid can result in 
significantly reduced aggregate formation (Schulze et al. 1994). Furthermore, 
aggregation does not necessarily require unfolded polypeptide chains, but is rather 
promoted by specific interactions between solvent-exposed hydrophobic stretches in 
partially structured species. Bacterial IBs are not inert protein aggregates, but are formed 
as a result of an unbalanced equilibrium between in vivo protein aggregation and 
solubilization. IBs can be rather seen as transient deposits of folding-prone polypeptides 
and can be triggered towards protein refolding resulting in fully active protein or in 
degradation of the resolubilized protein. IB formation offers an interesting model to 
investigate protein aggregation in the context of prionic and other amyloid diseases, as 
bacterial IBs share important structural and biological features with amyloids (Carrio & 
Villaverde 2001, Carrio et al. 2005). 

Many methods are known to reduce protein aggregation, but the optimal process 
conditions for a specific protein are unpredictable due to many cellular factors affecting 
the protein synthesis and subsequent folding. The optimization of recombinant expression 
is time-consuming and the final yield of the active protein is still often unsatisfactory. 
Therefore, IB based production has been developed as a promising method for the 
production of complex recombinant proteins. This method benefits from a high target 
concentration that accounts for 80-95% of the inclusion body material (Baneyx & 
Mujacic 2004) and from efficient protocols for IB isolation and purification (Neubauer et 
al. 2006). Recent advances in generating active proteins through refolding of bacterial IB 
proteins allowed the transfer of such processes to an industrial production scale (for 
reviews see Lilie et al. 1998, Vallejo & Rinas 2004, Singh & Panda 2005).  
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2.3.4  Fermentor production of recombinant proteins 

The simplest way to produce a recombinant protein is batch cultivation, where all the 
nutrients are supplied from the start to enable initially unrestricted cell growth. However, 
oxygen limitation and pH changes, saturation of certain metabolic pathways and 
accumulation of inhibitory by-products in the medium often allow only moderate cell 
densities and production levels in batch cultivations (section 2.3.5, Table 2, Lee 1996). 
Continous culture is not a conventional method in commercial protein production 
because of a higher mutation and contamination risk. High cell density culture (HCDC) 
and high protein production levels are most commonly achieved by using fed-batch 
cultivation in a bioreactor (for reviews, see Lee 1996, Neubauer & Winter 2001, Shiloach 
& Fass 2005). Optimized growth strategies have made it possible to achieve cell 
concentrations of up to more than 100 g/L dry mass (Curless et al. 1990, Horn et al. 
1996).  

HCDCs have to deal with several problems such as limited availability of dissolved 
oxygen at high cell density, carbon dioxide levels that can cause lower growth rate, side 
product formation, reduced mixing efficiency in the fermenter and generation of heat 
(Hannig & Makrides 1998). Most media ingredients required for cell growth of E. coli 
show inhibitory effects when added at high concentrations (Shiloach & Fass 2005). A 
general problem growing E. coli to high cell densities is metabolic overflow from 
pyruvate to acetate. High concentration of glucose that exceeds the respiratory capacity 
will promote the accumulation of acetate and subsequently inhibit the cell growth and the 
production of the target protein (Luli & Strohl 1990). To keep the required aerobic 
conditions for high productivity, the cell growth is mostly controlled by a limited addition 
of the nutrient source, mostly glucose. The controlled addition of glucose in fed-batch 
processes is an approach to overcome the problem of metabolic overflow from pyruvate 
to acetate. Most carbon limited fed-batch processes are run in such a way that the 
addition of a concentrated feed solution to limit the growth is controlled exponentially 
(Riesenberg et al. 1991). Exponential feeding allows cells to grow at a constant specific 
growth rate with minimum perturbation of cellular carbon metabolism. Generally defined 
media are usually used to obtain high cell density cultures, because in complex or semi-
defined media the nutrient concentrations cannot be controlled, but semi-defined or 
complex media are sometimes needed to enhance product formation (Lee 1996).  

2.3.5  Analysis of fermentation processes 

The main aim in the optimization of culture conditions is to maximize the production of 
an active recombinant protein. Measurements of parameters like oxygen, temperature, pH 
value and outgas composition (carbon dioxide, oxygen), which affect the fermentation 
process, are helpful to design optimal growth conditions for the cells. Additional data like 
cell density, cell dry weight, growth rate, yield of the active protein and the ratio of 
soluble and insoluble product formation provide supporting information to evaluate the 
productivity of a fermentation run (Table 2). 
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Today microarray-based studies provide meaningful tools to find bottlenecks of 
protein production at the gene expression level or in metabolic pathways. The better 
understanding of cell physiology and intracellular responses obtained from analysis of 
transcriptome and proteome profiles can be used to study the different stages in cell 
cultivation and to develope metabolic and cellular engineering strategies (Han & Lee 
2003, Yoon et al. 2003, Wang et al. 2005). Expression analysis of process-relevant genes, 
shown for the acoA gene of B. subtilis as marker gene specific for glucose limitation 
conditions, could be a valuable tool for monitoring and controlling of fermentation 
processes (Jürgen et al. 2005). The most commonly used differential quantitation 
techniques comprise staining intensity comparison of protein spots after two-dimensional 
gel electrophoresis (Lee et al. 2003, Moritz & Meyer 2003) and mass spectrometric peak 
intensity measurements after stable isotope labeling (Julka & Regnier 2004). Peak area 
measurements in the liquid chromatography/mass spectrometry analysis of tryptic digests 
has been carried out to examine the global physiological changes in an engineered E. coli 
strain during HCDC under controlled conditions (Wang et al. 2005). 

Factors that affect the solubility and the quality of the recombinant proteins during the 
fermentation can be changed by trial and error, or more efficiently, by multifactorial 
design. That was shown for optimization of the production of the polyoma virus capsid 
protein VP1 in recombinant Escherichia coli BL21 bacteria by Levisauskas et al. (2003), 
fungal pyranose oxidase by Kotik et al. (2004) and different proteins of the hepatitis C 
virus proteins by Swalley et al. (2006).  

Quantitative analysis of the mRNA levels of target recombinant genes may provide 
valuable information for optimization of fermentation processes. The stability of mRNA 
can affect expression levels. Engineered 5´ mRNA structures forming a hairpin have 
shown improved expression levels at lower transcription rates, but did not have any effect 
at a high transcription rate (Swartz 2001). Methods using a nucleic acid hybridization in 
connection with PCR are commonly used in clinical diagnostics, environmental studies 
and food microbiology. A rapid microtiter plate-based sandwich hybridization assay has 
been developed for detection and quantification of single RNA species in shake flask 
cultivation conditions and was found to offer a fast tool for following the level of a single 
RNA species under different production conditions (Rautio et al. 2003, Soini et al. 2005). 
Recently, the development of a rapid assay for multiplex transcript analysis, called TRAC 
was reported (Rautio et al. 2005). The assay was used for transcriptional analysis of 
selected mRNAs in the filamentous fungus Trichoderma reesei and is suitable for high-
throughput analysis.  
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Table 2. Optimization strategies of recombinant protein production  

Optimization strategy 
Construction of the expression system  

antibiotic resistance or an alternative selectable marker (e.g. ampicillin, tetracyclin, kanamycin, parB) 
origin of replication (determines vector copy number) 
promoter (inducible/constitutive induction mode ; basis level, strength, induction range) 
compartmental location of protein (signal sequence, upon intracellular expression: soluble target protein or 
inclusion bodies) 
transcription termination  
optimal translation initiation (SD, secondary structure around the RBS) 
optimization of translation elongation (substitutions of rare codons in the target gene by more frequently used 
codons) 
efficient translation termination (UAAU) 
fusion partner (e.g. affinity tags, thioredoxin, NusA) 
coexpression of chaperones or foldases (e.g. DnaK, DnaJ, GroEL, DsbA, PDI) 

Cultivation in shake flask 
choice of strains (e.g. protease-deficient (ompT, lon), thioredoxin redox reductase and glutathione reductase 
mutants, strains with plasmid harboring rare tRNAs, regulatory mutants (rpoH, recA), metabolically 
engineered strains) 
composition of cultivation medium 
pH, temperature of cultivation 
induction (time, concentration) 
duration of expression, time of harvest 
cell lyses (enzymic or chemical treatment, mechanical-disruption techniques, heat precipitation)  

Fermentation process 
composition of cultivation medium (carbon/energy source) and feed solution 
addition of supplements (protease inhibitors, amino acid rich supplements, vitamins, trace elements 
induction strategy: time, concentration, kind of supply (once, repeated or constant addition by feeding 
solution) 
growth rate in growth and production phase 
feeding rate (constant, stepwise increase, exponential feeding) 
aeration rate, agitation speed, use of oxygen-enriched air or pure oxygen 
feeding methods (pH-stat, DO-stat (DO = dissolved oxygen), temperature limited, nutrient feeding rate by 
carbon dioxide evolution rate or cell concentration, substrate concentration control by on-line glucose 
analyzer) 
process control (monitoring carbon source, pH, oxygen concentration, temperature, mRNA, cell densities, 
protein production) 
analysis of inhibitory by-products 
time of harvest 

References: Lee (1996), Jonasson et al. (2002)



3 Outlines of the present research 

C-P4Hs play a major role in the complex pathway of collagen biosynthesis by the 
hydroxylation of proline residues of collagen α chains. C-P4H has been a subject of 
intense interest as a target enzyme for drug development against fibrotic diseases. 
Vertebrate C-P4Hs consist of two different subunits, which form α2β2 tetramers. The β 
subunit is identical to the enzyme and chaperone protein disulphide isomerase (PDI). 
Although recombinant human C-P4H tetramers have been successfully produced in the 
ER of mammalian, insect and yeast cells, its recombinant expression in prokaryotes had 
not been described when this thesis study was initiated.  

The aim of this work was to develop a recombinant expression system for human C-
P4H in the bacterial host Escherichia coli and to optimize its expression. This system was 
designed in such a way that it would provide a future option for collagen synthesis with 
stable triple helices in E. coli. Furthermore, as the sequence optimization of the PDI/β 
subunit cDNA and the optimization of the production process resulted in large amounts of 
a fully active recombinant human C-P4H tetramer, the purified homogenous enzyme 
lacking N-glycosylation offers a suitable basis for attempts on crystallization. A novel 
stochastic in silico model of the translational ribosome traffic was used in the 
optimization of the PDI/β subunit cDNA. This model may provide a useful general tool 
to optimize other recombinant target genes for high-level expression. 

The specific aims of the work were: 

1. to develop a recombinant expression system for human C-P4H in E. coli  
2. to optimize the expression construct for high-level production of recombinant human 

C-P4H in E. coli 
3. to develop a fermentation strategy for the production of recombinant human C-P4H in 

E. coli in large amounts. 



4 Materials and methods 

The materials and methods used in this thesis are summarized in Tables 3-6 and in Figure 
6. A more detailed description of the materials and methods can be found in the original 
articles I-III.  

Expression studies were performed in the E. coli K-12 strains RB791, BL21, and the 
redox mutant Origami, which provides a more oxidizing cytoplasmic environment due to 
mutations in the trxB and gor genes (Table 3). 

The double-promoter expression vectors for the C-P4H α and PDI/β subunits, pP4Hcyt 
and pP4Hper, are described in Figure 6 and Table 3. The α and PDI/β subunit cDNAs of 
C-P4H in the pP4Hper construct designed for periplasmic expression contain both the 
ompA signal sequence. The pP4Hcyt vector is the result of various site directed 
mutagenesis steps to optimize the sequence of the PDI/β subunit cDNA as described in 
paper III. The intermediate constructs were named pP4Hcyt-0 to 2 (Table 4). 

The key experiments from the large number of different expression approaches are 
summarized in Table 4.  

Expression of an active human C-P4H tetramer was analyzed with the methods 
summarized in Table 6. The table also refers to other methods which were applied to 
study the cultivation conditions.  

Table 3. E. coli host strains 

E. coli strains Origin Genetic features 
RB791 E. coli Genetic Stock Center, Yale 

University, New Haven 
lacIp-4000(lacIQ), λ-, IN(rrnD-rnE)1 

BL21 Novagen F−ompT hsdSB(rB
−mB

−) gal dcm 
Origami™ Novagen Δ(ara-leu)7697 araD139 ΔlacX74 aphC galE 

galK rpsL ΔphoA PvuII phoR 
F'[lac+(llacIq)pro] gor522::Tn10 (TcR) 
trxB::kan 
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Fig. 6. Expression constructs for cytoplasmic (pP4Hcyt) and periplasmic (pP4Hper) 
expression of human C-P4H. The human α subunit and PDI/β subunit cDNAs were cloned 
under control from the tetA promoter (tet p/o) and the T5lac promoter (PT5), respectively. 
The transcription terminator t0 was cloned downstream of the α subunit cDNA. The PDI/β 
cDNAs are followed by the transcription terminator tlpp. 

Table 4. Expression constructs 

Expression construct Recombinant polypeptides expressed Expression compartment 
C-P4H expression constructs    

pP4Hcyt/pP4Hcyt2a C-P4H α subunit 
C-P4H β subunit (optimized β subunit 
cDNA sequence, optimized distance 
between the RBS and start codon ) 

Cytoplasm 

pP4Hcyt1 C-P4H α subunit 
C-P4H β subunit (non-optimized β 
subunit cDNA sequence, optimized 
distance between the RBS and start 
codon)  

Cytoplasm 

pP4Hcyt0 C-P4H α subunit 
C-P4H β subunit (non-optimized β 
subunit cDNA sequence, non-
optimized distance between the RBS 
and start codon) 

Cytoplasm 

pP4Hper C-P4H α subunit 
C-P4H β subunit (optimized β subunit 
cDNA sequence, optimized distance 
between the RBS and start codon ) 

Periplasm 

Others    
pA184BiP Murine BiP Cytoplasm 

aThe name pP4Hcyt was used in I and III, the name pP4Hcyt-2 was used in II in studies of PDI expression. 
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Table 5. Culture conditions  

Cultivation Temperature Induction of the β 
subunit expression

Induction of the α subunit 
expression 

Time of harvest Publication 

25°C, shift to 
20°C after the 
second 
induction  

OD600 = 0.2 or 0.3
50 or 300 µM 
IPTG 

OD600 = 0.6 
2, 20 or 200 µg/L 
anhydrotetracycline (aTc)

17-22 h after the 
second induction 

I, II, III Shake flask 
cultivation 

37°C OD600 = 1.0 
300 µM IPTG 

No  2.5 h  II 

Batch 
fermentation 

25°C, shift to 
20°C after the 
second 
induction  
 

OD600 = 3.9 
300 µM IPTG 

OD600 = 6.7 
200 µg/L aTc 

20 h after the 
second induction 

I 

Fed-batch 
fermentation 
with single aTc 
induction 

25°C, shift to 
20°C after the 
second 
induction  
 

OD600 = 10 - 23 
50 µM IPTG 

OD600 = 11 - 32 
200 µg/L aTc 

13-24 h after the 
second induction 

III 

Fed-batch 
fermentation 
with frequent 
aTc induction 

25°C, shift to 
20°C after the 
second 
induction  

OD600 = 5 or 16 
50 µM IPTG 

OD600 = 6 or 20, repeated 
every 2 h addition of 
200 µg/L aTc 

13 or 14 h after 
the second 
induction 

III 

Table 6. Methods 

Method Description Publication 
Cell lysis Sonication I, II, III 
 High pressure homogenization I 
Protein analysis 8% SDS-PAGE I, II, III 
 Nondenaturing PAGE I 
 Western blotting with  
 monoclonal antibody 9-47H10 against the α subunit (Valeant 

Pharmaceuticals Int.) 
I, III 

 monoclonal antibody 5B5 against human PDI (Dako) I, II, III 
 monoclonal antibody against BiP (BD Biosciences) I 
 goat anti mouse horseradish peroxidase secondary antibody (Caltag 

Laboratories) 
I, II, III 

 detection with BCIP/NBT Color Substrate (Promega) I, II, III 
 detection with ECLTM Detection Reagents (Amersham Biosciences) I, II 
Purification of C-P4H Poly (L-proline) affinity chromatography and  

anion exchange chromatography on a HiTrap Q sepharose column 
(Amersham Biosciences) 

I 

P4H activity assay Formation of 4-hydroxy[14C]proline in a [14C]proline-labeled substrate 
consisting of nonhydroxylated procollagen polypeptide chains  

I, III 

 Hydroxylation-coupled decarboxylation of 2-oxo[1-14C]glutarate with 
(Pro-Pro-Gly)10 as the peptide substrate 

I 

Protein concentration Bio-Rad protein assay kit I, II, III 
Glucose concentration YSI 2700 glucose analyser (Yellow Springs Instruments Inc., U.S.A.) III 
RNA analysis Sandwich hybridization III 
 



5 Results 

5.1  Development of an expression system  
for human C-P4H in E. coli (I) 

A double-promoter plasmid was created to express the α(I) and PDI/β subunits of human 
type I C-P4H in E. coli. The basic vector was a commercial pASK-IBA plasmid 
providing the tightly regulated tetA promoter and the ampicillin resistance gene. The 
T5lac promoter from the commercial pQE-60 vector was inserted into pASK-IBA to 
generate a bicistronic vector with two different promoters.  

5.1.1  Expression of human C-P4H in the periplasmic space (I) 

To generate a periplasmic E. coli expression construct for human type I C-P4H, pP4Hper, 
the C-P4H α(I) cDNA without its signal sequence and with an additional stop codon TGA 
downstream of the first stop codon was cloned into the pASK-IBA2 downstream of the 
tetA promoter in-frame with the signal sequence of the outer membrane protein A gene 
ompA. The lambda t0 transcription termination region was obtained by PCR from the 
commercial pQE-60 and cloned into the expression construct downstream of the α(I) 
cDNA. The human PDI/β cDNA without its native signal sequence and with the ompA 
signal sequence was cloned into the same vector under control of the T5lac promoter 
downstream of the t0 (Figure 6 in section 4). 

Competent BL21 and RB791 E. coli cells were transformed with the pP4Hper plasmid 
and grown in shake flask cultivations. In order to mimic the in vivo situation in 
mammalian cells that have a pre-existing pool of free PDI in the ER, expression of the 
PDI/β subunit was induced first with 300 µM IPTG when the OD600 reached 0.2. About 3 
h later when OD600 reached 0.6, the α(I) expression was induced by addition of 200 µg/L 
aTc and the temperature was lowered from 25ºC to 20ºC. Cells were harvested 17-22 h 
after the aTc induction and the periplasmic and cytoplasmic fractions were analyzed by 
SDS-PAGE and P4H activity assay. 
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The SDS-PAGE followed by Western blotting showed clear bands corresponding to 
the α(I) and PDI/β polypeptides in the soluble cytoplasmic and periplasmic fractions 
(Figure 2 in I). However, a large amount of insoluble α(I) subunit was also visible when 
the protein pellets were dissolved in 1% SDS and analyzed on SDS-PAGE. P4H activity 
was detected in the periplasmic fractions of both host strains, the amount being about 300 
dpm/10 μg protein, indicating assembly of an active C-P4H tetramer in the periplasm 
(Table 2 in I). Surprisingly, despite the reducing cytoplasmic conditions, P4H activity was 
measured also in the cytoplasmic compartment (Table 2 in I) and was even higher than in 
the periplasm.  

5.1.2  Coexpression of the recombinant chaperone mBiP (I) 

To test if coexpression of the chaperone BiP in the cytoplasm would increase the 
solubility of the α(I) subunit in the pP4Hper strain and thus would increase the 
translocation of the subunit into the periplasm, the plasmid pA184BiP containing a 
murine BiP cDNA without any signal sequence under control from the araBAD promoter 
was generated. BL21 E. coli cells harboring both the pP4Hper and the pA184BiP 
plasmids were used in shake flask cultivations to study the expression level of C-P4H. 

The inductions were done sequentially starting with PDI/β subunit induction at 
OD600 0.2 with 0.3 mM IPTG, followed by BiP induction at OD600 0.3 with 2 or 20 mg/L 

arabinose and α(I) subunit induction at OD600 0.7 with 200 µg/L aTc. The cells were 
grown and harvested, and the periplasmic and soluble and insoluble cytoplasmic fractions 
were analyzed. SDS-PAGE analysis followed by Western blotting with a monoclonal 
antibody against BiP indicated that about same amounts of recombinant BiP could be 
found in the soluble and insoluble cytoplasmic fractions (Figure 3 in I). The measured 
P4H activity in the periplasmic and cytoplasmic fractions indicated that BiP coexpression 
did not have any stimulating effect on C-P4H assembly (Table 2 in I). In contrast, the 
obtained activities from the strains harboring two plasmids, pP4Hper and pA184BiP, 
were lower than those from the strains, which only had the pP4Hper expression construct. 
Furthermore, there was also no increase in the C-P4H assembly level when BiP was 
induced before the PDI/β subunit. 

5.1.3  Expression of C-P4H in the cytoplasm (I, III) 

Surprisingly, when C-P4H was expressed in E. coli cells harboring the pP4Hper plasmid, 
a rather low but distinct amount of C-P4H activity, 1050 dpm/10 µg protein, was also 
detected in the cytoplasm, this level was actually about 3-fold higher than that obtained in 
the periplasm of the same cells. Considering the fact that the volumes of the cytoplasmic 
and periplasmic fractions were equal, but the protein concentration in the cytoplasm was 
about 60-fold, the total enzyme activity in the cytoplasmic fraction is actually far higher 
than that in the periplasmic fraction. The mutant E. coli strain Origami with a less 
reducing cytoplasmic environment was next chosen as a host strain to improve the 
conditions for formation of the intrachain disulphide bonds of the α(I) subunit and thus 
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enhance the potential for C-P4H assembly in the cytoplasm. A new expression construct 
pP4Hcyt was designed for cytoplasmic expression of the C-P4H subunits and had the 
same features as the pP4Hper. The only exception being that the subunits had no ompA 
signal sequence (Figure 6). The cells transformed with the pP4Hcyt plasmid were grown 
and harvested as described in section 5.1.1.  

Soluble and insoluble cytoplasmic fractions from different time points were analyzed 
by SDS-PAGE followed by Western blotting with monoclonal antibodies against the 
α(I) and the PDI/β subunit (Figure 4 in I). The expression of the PDI/β subunit was found 
to start already before induction with IPTG, indicating leakiness of the T5lac promoter. 
However, the expression level of the PDI/β subunit increased strongly after induction 
with IPTG until 15 h, after which the level remained steady until the harvest 20 h after 
the induction. In contrast, the tetA promoter was tightly regulated and no expression of 
the α(I) subunit was detected before the induction with aTc. A definite increase in the 
amount of soluble α(I) subunit was obtained between 4 and 15 h. The level then remained 
constant for the last 5 h as in the case of the PDI/β subunit expression.  

The assembly of C-P4H tetramers was studied by nondenaturing PAGE of soluble 
cytoplasmic fractions followed by Western blotting (Figure 5 in I) and activity 
measurements (Tables 3 and 4 in I). The results coincided well with the results of the 
analysis of the expression of the subunits, as the first tetramers and P4H activity were 
seen 3 h after the α(I) subunit induction and the highest amounts of tetramer and enzyme 
activity (15,600-26,200 dpm/10 µg protein) were detected 15 h after induction of the 
α(I) subunit. The nondenaturing PAGE analysis (Figure 5 in I) revealed along with the C-
P4H tetramer and the PDI/β subunit monomer and dimer, two additional bands with 
mobilities between those of the tetramer and the PDI/β subunit dimer. These bands are 
most probably degradation products, as N-terminal sequencing showed that the N termini 
of both bands corresponded to those of both subunits supposing degradation at the C 
termini. 

5.1.4  Optimization of periplasmic and cytoplasmic expression in shake 
flask cultivations (I, III) 

The expression level of active human C-P4H tetramers in the periplasmic space of E. coli 
was found to be quite low. We studied whether solubility of the recombinant α(I) subunit 
and thus potentially its translocation into the periplasm and assembly with the PDI/β 
subunit could be improved by lowering the culture temperature to 18°C after induction of 
the α(I) subunit. This did not lead to higher C-P4H activity (Table 1 in I). Furthermore, 
the use of 1:10 and 1:100 diluted aTc concentration for α(I) subunit induction intended 
for lower expression level of this subunit and thus for a potential improvement in its 
solubility was not a successful way to increase the amount of C-P4H assembly either 
(Table 1 in I).  

In contrast, the culture temperature during cytoplasmic expression of the C-P4H 
subunits in the E. coli Origami strain had a major impact on the expression level of the 
active enzyme. Only very little C-P4H activity was obtained at 37°C, but lowering of the 
temperature led to marked increases in the activities. The best results were obtained at 
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20°C, the C-P4H activity being 3.5-fold and 34-fold relative to the levels obtained at 
25°C and 30°C, respectively (Table 4 in I).  

We also studied the optimal inducer concentrations yielding the maximum amount of 
C-P4H activity in the soluble cytoplasmic fraction with minimum amounts of aggregated, 
insoluble subunits. Shake flask cultivations were done in parallel with varying inducer 
concentrations. To evaluate the accumulation of aggregated proteins, aliquots of cells at 
different time points were harvested, sonicated and the insoluble fractions were 
solubilized in 1% SDS and analyzed by Western blotting (Figure 4 in III). The induction 
of the PDI/β subunit was started at OD600 0.2 with 50 µM or 300 µM IPTG followed by 
induction of the α(I) subunit at OD600 0.6 with 2, 20 or 200 µg/L aTc. No C-P4H activity 
was obtained when 2 µg/L aTc was used for induction indicating that the expression level 
of the α(I) subunit was insufficient (Figure 3 in III). Induction of the α(I) subunit with 
200 µg/L aTc gave highest amounts of C-P4H activity independent of the IPTG 
concentration used for induction of the PDI/β subunit (Figure 3 in III). The use of either 
20 µg/L aTc or 200 µg/L aTc did not lead to major differences in the amounts and 
formation rates of insoluble α(I) subunit polypeptides (Figure 4 in III). The amount of 
insoluble α(I) subunit was increasing strongly with 200 µg/L aTc, but only in cultivations 
without the IPTG induction. This indicated that in these experiments the expression level 
of the PDI/β subunit was not sufficient for assembly with the increasing amounts of the 
α(I) subunit polypeptides (Figure 4 in III). Equal amounts of C-P4H activity were 
obtained when 0 or 50 µM IPTG was used for the induction of the PDI/β subunit, while 
slightly lower activities were obtained with 300 µM IPTG (Figure 3 in III). However, 
much more insoluble C-P4H subunits were accumulated with 0 μM IPTG when 
compared to the experiments in which 50 µM or 300 µM IPTG was used. As a result of 
these analyses, 50 µM IPTG for induction of the PDI/β subunit followed by an addition 
of 200 µg/L aTc for induction of the α(I) subunit were chosen as the inducer 
concentrations for further studies. 

To study whether the sequential induction of the C-P4H subunits, i.e. induction of the 
PDI/β subunit before induction of the α(I) subunit, in E. coli shake flask cultures is 
necessary for effective assembly of active C-P4H tetramers, sequential and simultaneous 
induction modes were compared. The sequential induction was performed as described 
above, whereas the simultaneous induction was carried out at OD600 0.6 for both subunits. 
The obtained C-P4H activities from two parallels did not show any differences between 
the two induction strategies, the values being 61,198 dpm/10 µg protein and 61,248 
dpm/10 µg protein from the sequential and simultaneous inductions, respectively. 
Therefore, in shake flask cultivations characterized by low cell density induction of the 
PDI/β subunit before that of the α(I) subunit is not necessary for obtaining a high amount 
of C-P4H assembly and activity. The required minimum amount of PDI/β subunit 
polypeptides is provided due to a high basic expression level without IPTG addition. 
Using the tightly controlled T7 promoter for the induction of the PDI/β subunit, Kersteen 
et al. (2004) resulted only in low amounts of C-P4H. This result confirms the general 
importance of the preinduction of the PDI/β subunit. 

Besides the above analyses of the effect of cultivation conditions on the expression 
levels of active recombinant human C-P4H tetramers, genetic modifications were applied 
to improve the expression level. As the space between the RBS and the initiation codon is 
a critical parameter for the translation efficiency (Ringquist et al. 1992), shortening of the 
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distance between the RBS and the start codon of the PDI/β subunit cDNA was carried out 
(Figure 1 in III). Furthermore, the PDI/β subunit expression cassette was optimized by 
modifying four 5' codons in the PDI/β subunit cDNA that are rare in E. coli (Figure 1 in 
III and Table 4). E. coli Origami cells carrying one of the plasmids pP4Hcyt-0 (non-
optimized PDI/β subunit expression cassette), pP4Hcyt-1 (distance between the RBS and 
the translation initiation codon optimized in the PDI/β subunit expression cassette) or 
pP4Hcyt (distance between the RBS and the translation initiation codon, and the rare 5’ 
codons optimized in the PDI/β subunit expression cassette, called pP4Hcyt-2 in the 
original article II) were cultured in shake flasks under same conditions. Assembly of an 
active C-P4H tetramer was analyzed by measuring C-P4H activity in the soluble 
cytoplasmic fractions. The optimized distance between the RBS and the start ATG codon 
of the PDI/β subunit cDNA resulted in a 6-fold increase in the activity when compared to 
that of the pP4Hcyt-0 strain (Figure 2 in III). The additional PDI/β subunit cDNA 
sequence optimization in the pP4Hcyt strain led to a further 8-fold increase, which meant 
a total of 50-fold increase in the amount of C-P4H activity when compared to the non-
optimized pP4Hcyt-0 strain (Figure 2 in III). This new construct was used in the 
subsequent fermentation processes. The most important optimization steps are 
summarized in Table 7. 

5.1.5  Purification and characterization of the recombinant human 
C-P4H produced in E. coli (I) 

Recombinant human type I C-P4H was produced for purification and characterization in 
a 7-l E. coli batch fermentation. Expression of the PDI/β subunit was induced with IPTG 
at OD600 3.9 and expression of the α(I) subunit at OD600 6.7. Cells were harvested 20 h 
after induction of the α(I) subunit and the cells were disrupted in a high pressure 
homogenizer. The recombinant C-P4H was purified from the soluble cytoplasmic fraction 
using a procedure consisting of two steps, a poly(L-proline) affinity chromatography and 
an anion exchange chromatography (Kivirikko & Myllylä 1987).  

Analysis by nondenaturing PAGE showed that the recombinant C-P4H tetramers 
purified from E. coli had identical mobilities with the recombinant enzyme purified from 
insect cells (Figure 6 in I). SDS-PAGE analysis showed that the C-P4H subunits 
produced in E. coli migrated as a single band, whereas those produced in insect cells had 
different mobilities, the α(I) subunit moving more slowly than the PDI/β subunit (Figure 
6 in I) due to N-glycosylation (Lamberg et al. 1995). 

The calculated specific activity of the E. coli derived human C-P4H was 520 mol 
4-hydroxyproline/mol enzyme/min. This value is within the range of those measured for a 
nonrecombinant human type I C-P4H, 310 mol/mol/min (Kivirikko & Myllylä 1982) and 
the recombinant enzyme produced in insect cells, 750-780 mol/mol/min (Vuori et al. 
1992a). 



 60

5.2  Optimization of expression of human PDI in E. coli by genetic 
manipulation and modeling of translation (II) 

The optimization of expression of human PDI was part of the study to develop a 
recombinant expression system for human C-P4H in E. coli (described in section 5.1), as 
the PDI serves as the β subunits of the enzyme. The plasmids pP4Hcyt-1 and pP4Hcyt-2 
(called pP4Hcyt in the original article I) (described in section 4, Table 4) were used for 
the expression studies. 

5.2.1  Time course and quantitative analysis of PDI expression with 
wild-type and optimized expression cassette sequences (II) 

Considering the fact that the function of the PDI/β subunit in the C-P4H tetramer is to 
keep the α subunit in a soluble and catalytically active form, the amount of soluble PDI 
polypeptides is critical for the assembly of active recombinant C-P4H tetramers. A 
prerequisite for high expression at protein level is the efficient translation of recombinant 
mRNA molecules, which is associated with a decreased mRNA turnover and an increased 
number of recombinant polypeptides produced per one mRNA molecule. Analysis of the 
human PDI cDNA sequence revealed four codons rarely used in E. coli in the 5' end of 
the cDNA, one CCC codon for Pro followed by three consecutive GAG codons for Glu. 
These codons were changed by silent mutagenesis to codons, which are more favorably 
used in E. coli (Figure 1 in III and Table 4).  

Expression of the PDI polypeptides in the pP4Hcyt-1 and pP4Hcyt-2 strains with the 
wild-type and optimized human PDI cDNA sequences, respectively (both having the 
optimized distance between the RBS and the translation initiation codon, Figure 1 in III 
and Table 4), was studied in cultivations at 37°C. After induction with 0.3 mM IPTG at 
OD600 0.2 or 1.0, the amount of total PDI accumulated to about 9% of the total cell 
protein within 3 h in the pP4Hcyt-1 strain (Figure 1a and 2 in II). While in the strain 
pP4Hcyt-2 with the optimized PDI cDNA the recombinant protein accumulated to 19% 
of the total protein within the same time due to a 2-fold increase in the specific product 
formation rate (Figure 1b and 2 in II). 

As the optimal culture temperature for C-P4H assembly was found to be 20°C (see 
section 5.1.4), we also analyzed the expression of PDI in this temperature. The amount of 
soluble PDI obtained in the optimized strain pP4Hcyt-2 was 555.3 mg/g total soluble cell 
protein, about 55% of the total soluble proteins. The pP4Hcyt-1 strain with the wild-type 
cDNA sequence produced 50.9 mg/g soluble PDI, the increase in the pP4Hcyt-2 strain 
thus being about 10-fold (Figure 3b in II). 

The two PDI cDNA sequences were analyzed with a novel translation model based on 
the stochastic Gillespie algorithm that was developed for in silico optimization of 
recombinant gene sequences (Tables 1 to 3 in II). Simulations of translation of a single 
PDI mRNA molecule showed that the total RNase attack propensity is lower for the 
optimized sequence (Figure 4a in II) and the number of bound ribosomes is higher 
(Figure 4b in II), the latter being due to the fast translation rates of the optimized codons 
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close to the start codon. The product molecule accumulation occurs at almost the same 
rate for the two sequences (Figure 4c in II).  

5.3  Development of a fermentation process for production of 
recombinant human C-P4H in E. coli - quantitative mRNA analysis as 

a convenient tool (III) 

5.3.1  mRNA levels of C-P4H α and PDI/β subunit and C-P4H activity 
in fermentations with a single anhydrotetracycline (aTc) induction  

Next we aimed at the development of a fed-batch fermentation process for the production 
of recombinant human C-P4H in E. coli. These experiments were initiated using the 
sequential induction mode of the pP4Hcyt strain as described in section 5.1.4. 
Unexpectedly, a very low expression level of active C-P4H was obtained, and no active 
enzyme was detected in any of the fermentations (Figure 5b in III). As analysis of mRNA 
levels of target genes can provide important information for the optimization of 
recombinant production processes, we used a novel quantitative mRNA analysis assay 
based on Sandwich hybridization to study the expression levels of the C-P4H α and 
PDI/β subunit mRNAs during the fermentations. The results showed that the amount of 
the β subunit mRNA remained at a level of at least 20 fmol/µg total RNA throughout the 
runs after induction, whereas the amount of the α subunit mRNA dropped close to zero 
after an initial increase following the induction with aTc (Figure 5c and d in III). The time 
of the discontinued increase in the amount of C-P4H activity was found to coincide with 
the descent in the α subunit mRNA level. In the fermentation run F3 where no C-P4H 
activity was obtained, the mRNA analysis showed that induction of the α subunit 
expression had failed almost (Figure 5 in III). In two of the runs, F3 and F4, the PDI/β 
subunit mRNA levels were increased much above the normally obtained level of 20 
fmol/µg level, but the high levels did not remain constant. Sudden short-term reductions 
in the amounts occurred shortly before a cessation in the cell growth (Figure 5a in III).  

In order to study whether the C-P4H α subunit mRNA level directly correlates with 
the amount of active C-P4H produced, we analyzed the subunit mRNA levels in a shake 
flask cultivation using the sequential induction mode. The amount of α subunit mRNA 
molecules reached its maximum level within 1 h after the induction, about 45 fmol/µg 
total RNA, and was probably high during the whole expression phase, because of the 
value of 36 fmol/µg total RNA after 23 h (Figure 7 in III). The amount of PDI/β subunit 
mRNA molecules was increasing relatively steadily during the 5 first hours and had a 
final value of 70 fmol/µg total RNA (Figure 7 in III). Interestingly, the mRNA level of the 
PDI/β subunit was strongly increased after induction with aTc to start the expression of α 
subunit. These results indicate that maintenance of the α subunit mRNA level at a steady 
level is crucial for the production of C-P4H. 
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5.3.2  mRNA and protein levels of the C-P4H α and PDI/β subunit and 
C-P4H activity in fermentations with frequent aTc inductions 

As the fed-batch fermentations were performed at higher cell densities than the shake 
flask cultures, the possibility that the single addition of 200 μg/L aTc was not sufficient to 
maintain steady expression levels of the α subunit mRNAs was considered. We tested, 
whether fermentations that are performed with repeated aTc addition every 2 h 
throughout the run would provide improved conditions. The quantitative mRNA analysis 
showed that the change in the aTc induction mode had a major enhancing effect on the 
expression level of the α subunit mRNA. A level of at least 60 fmol/µg of α subunit 
mRNA was maintained after the initial increase during the whole fermentation process 
(Figure 8c in III). Additionally, a strong increase of the PDI/β subunit mRNA level could 
be observed after the first induction with anhydrotetracycline (Figure 8d in III). The same 
feature was noticed during shake flask cultivation (Figure 7 in III) and fermentations F3 
and F4 (Figure 5d in III). The improved mRNA level of the α subunit correlated with 
steady expression of the α subunit polypeptides (Figure 9 in III), whereas almost no α 
subunit polypeptide was found in the late time points of the fermentations with a single 
aTc induction (Figure 6 in III).  

Interestingly, despite stable levels of the α subunit mRNA and α subunit polypeptides, 
only one of the two fermentations resulted in a high C-P4H activity (Figure 8b in III). In 
the fermentation run with the low C-P4H activity, a strong decline in the amount of the 
PDI/β subunit mRNA molecules was observed about 9 h after its induction. However, this 
can not be the main reason for the low C-P4H assembly, as Western blot analysis showed 
stable levels of soluble PDI/β subunit polypeptides (Figure 9 in III). Therefore, the 
influence of cell density at the time of the inductions was analyzed (see below). 

5.3.3  Influence of cell density at the time of induction on C-P4H 
assembly 

The inductions in the two above fermentation runs with repeated addition of aTc were 
performed at different cell densities. In the successful fermentation the first induction, i.e. 
that of the PDI/β subunit with IPTG, was started at OD600 < 5, whereas it was performed 
at about OD600 = 16 in the unsuccessful one. To evaluate a potential correlation between 
the cell density at the time of the first induction and the level of C-P4H assembly, all 
expression experiments carried out in shake flasks and fermentations were analyzed 
(Figure 10 in III). The data clearly indicated that the amount of active C-P4H obtained is 
inversely correlated with the cell density at the time of the first induction.  

Based on the results of the mRNA and C-P4H activity analyses, the best conditions for 
high-level production of human C-P4H in fed-batch fermentations are provided by 
carrying out the first induction at a relatively low cell density, approximately OD600 = 6, 
and a frequent addition of the aTc inducer until the harvest (Table 7). 
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Table 7. Summary of most important results after changes of different parameters to 
optimize the recombinant expression system of human C-P4H in E. coli in shake flask and 
fermentation cultivations. 

Cultivation Feature / Changed parameter C-P4H activity 
(dpm/10 µg protein) 

Shake flask plasmid pP4Hper in BL21 340 
periplasmic expression plasmid pP4Hper in BL21; lowered temperature: 18ºC 290 
 plasmid pP4Hper in BL21; 18ºC and lowered aTc 

concentration (20 µg/l) 
165 

 plasmid pP4Hper in BL21; 18ºC and lowered aTc 
concentration (2 µg/l) 

95 

 plasmid pP4Hper in BL21 + BiP, 20 mg/l arabinose 200 
 plasmid pP4Hper in BL21 + BiP, lowered arabinose 

concentraion 2 mg/l arabinose 
220 

Shake flask plasmid pP4Hcyt-0 in Origami (non-optimized) 500 
cytoplasmic expression plasmid pP4Hcyt-1 in Origami (optimized distance 

between RBS and start codon) 
4,000 

 plasmid pP4Hcyt in RB791 or BL21 0 
 plasmid pP4Hcyt in Origami at temperature 37ºC 20 
 at temperature 30ºC 780 
 at temperature 25ºC 7,300 
 at temperature 20ºC 26,000 
 plasmid pP4Hcyt in Origami, 20 h expression, 0 aTc, 

50µM IPTG 
0 

 20 aTc µg/l, 50µM IPTG 13,000 
 200 aTc µg/l, 50µM IPTG 16,000 
Fed-batch fermentation  single addition of aTc; start of induction at OD600 = 21, 

harvest after 16 h 
0 

 single addition of aTc; start of induction at OD600 = 12, 
harvest after 27 h 

7,000 

 frequent addition of aTc; start of induction at OD600 = 15, 
harvest after 17 h 

3,000 

 frequent addition of aTc; start of induction at OD600 = 4, 
harvest after 14 h 

18,000 



6 Discussion 

6.1  Expression of human C-P4H in E. coli (I) 

Escherichia coli has been successfully used for more than 25 years as a host organism for 
expression of a wide range of heterologous proteins for research and industrial interest. 
Its detailed genetic characterization and the availability of a large supply of tools have 
enabled production of recombinant proteins to reach levels higher than 50% of the total 
cellular protein in E. coli. However, many problems remain to be addressed in the case of 
expression of multisubunit proteins in E. coli (Hannig & Makrides 1998) and in such 
cases the preferred host for recombinant expression is usually a higher eukaryote 
(Jonasson et al. 2002). 

Human proteins may be difficult to express in E. coli due to the heterologous 
nucleotide sequence, the unstability of the heterologous mRNA or protein molecules 
synthesized or due to the lack of post-translational modifications. Many heterologous 
proteins fail to fold into their correct three-dimensional structure when expressed in large 
quantities (Balbás 2001), especially multimeric proteins. The recombinant expression of 
human C-P4H in E. coli is a challenging task from the point of view of the specific 
features of the enzyme. C-P4H is a large tetrameric enzyme composed of two α and two 
PDI/β subunits and the correct assembly to the active form is critical; firstly, due to the 
low solubility of the α subunit and secondly, due to the function of the PDI/β subunit as a 
chaperone of tetramer formation. Furthermore, the α subunit contains two intrachain 
disulphide bonds, which are essential for the tetramer assembly (John & Bulleid 1994, 
Lamberg et al. 1995).  

The C-P4H tetramer dissociates easily into its monomers by different treatments, for 
instance by lowering of the pH (Berg & Prockop 1973a, Nietfeld et al. 1981), but 
attempts to obtain an active C-P4H by reassembly of the individual subunits in vitro have 
not been successful (Nietfeld et al. 1981, Koivu & Myllylä 1986, Kersteen et al. 2004). 
However, successful recombinant expression of C-P4H has been described in different 
eukaryotic expression systems. The first successful heterologous production of active 
human C-P4H was obtained in a baculovirus expression system (Vuori et al. 1992a) by 
coinfection of Sf9 (Spodoptera frugiperda) insect cells with two viruses coding for the α 
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and PDI/β subunits. The specific activity and kinetic constants of the recombinant C-P4H 
produced were equal to those of a C-P4H purified from vertebrate tissue (Vuori et al. 
1992a). Assembly of an active recombinant vertebrate C-P4H has also been reported 
besides mammalian cells and transgenic mice (John et al. 1999, Wagner et al. 2000) from 
the yeasts Pichia pastoris (Vuorela et al. 1997) and Saccharomyces cerevisiae (Toman et 
al. 2000) and the tobacco plant (Merle et al. 2002).  

The first successful expression of recombinant human C-P4H in E. coli was reported 
almost simultaneously by us (article I of this thesis) and another group (Kersteen et al. 
2004), the articles being published online in December and November 2004, respectively. 
Kersteen et al. generated a bicistronic vector with both subunits under control of the same 
T7lac promoter and used E. coli Origami cells for expression. A related but structurally 
different enzyme, a Dactylosporangium proline 4-hydroxylase, has been also successfully 
expressed in E. coli with the aim to use it in industrial micorobial production of trans-4-
hydroxy-L-proline from free L-proline (Shibasaki et al. 2000a). In contrast to the human 
C-P4H, the Dactylosporangium proline 4-hydroxylase is a small monomeric 31-kDa 
polypeptide and does not hydroxylate prolines in peptide linkages (Shibasaki et al. 1999). 

The E. coli expression system for human C-P4H developed in this study, which 
resulted in high-level production of the recombinant enzyme, was designed on the basis 
of known properties of the assembly of the subunits. It has been found that lack of the 
PDI/β subunit leads to the formation of insoluble aggregates of the α subunits (Berg & 
Prockop 1973a, Prockop et al. 1976) and the α subunits aggregate when expressed alone 
in a cell-free translation/translocation system (John et al. 1993, John & Bulleid 1994) or 
in insect or yeast cells (Vuori et al. 1992a, Veijola et al. 1994, Helaakoski et al. 1995, 
Vuorela et al., 1997). The function of the PDI/β subunits in the tetramer assembly is to 
keep the α subunits in a catalytically active, non-aggregated conformation (Veijola et al. 
1996b).  

Based on these facts the E. coli expression method was designed so that expression of 
each subunit can be controlled separately by the use of distinct promoters (see section 4, 
Figure 6), and thus expression of the PDI/β subunit can be induced first to form a pre-
existing pool in the cell that is ready for assembly when expression of the α subunit is 
initiated. This situation mimics the natural cellular conditions, where the PDI/β subunit is 
found in a large excess over the α subunit (Kivirikko & Pihlajaniemi 1998). The tightly 
regulated tetA promoter ensures expression of the α subunit only after its induction with 
aTc, which was confirmed by SDS-PAGE analysis (Figure 4 in I, Figures 6 and 9 in III). 

 The application of sequential induction provides a practical tool for expression of 
binary or higher order protein complexes in which one protein acts as a chaperone. When 
two different target genes are expressed using separate expression vectors, one of them 
usually becomes dominant due to a higher copy number (Johnston et al. 2000). On the 
other hand, bicistronic vectors with two genes under one promoter commonly show a 
lower expression level for the second gene (Rucker et al. 1997). Interestingly, the 
insertion of an additional promoter sequence in front of the second target gene has been 
shown to increase the yield of the complexes between BCL-2 family proteins (e.g. CED-
9:EGL-1) 4 to 9-fold (Kim et al. 2004). The use of a plasmid with two different 
promoters for the expression of human C-P4H subunits is probably one reason for the 
higher yield of 8 mg/L purified enzyme obtained from shake flask cultures when 
compared to the yield of 2 mg/L reported by Kersteen and coworkers (2004). They 
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produced recombinant human C-P4H by the use of a bicistronic vector in which 
transcription of both subunit genes was controlled by the same T7 promoter.  

C-P4H is naturally localized inside the lumen of the ER, since the PDI/β subunit 
contains the KDEL retention signal (Kivirikko & Pihlajaniemi 1998). The periplasmic 
space is the topological equivalent of the ER in E. coli, although it provides much more 
oxidizing conditions than the ER (Georgiou & Segatori 2005). Therefore, we first 
attempted periplasmic expression of C-P4H by using an expression plasmid in which the 
C-P4H subunit cDNAs were fused to the ompA signal sequence (section 4, Figure 6). 
Although the oxidizing environment of the periplasm facilitates disulphide bond 
formation, which is essential for the assembly of C-P4H, the obtained C-P4H activity in 
the periplasm of the BL21 E. coli strain was rather low (Table 1 in I). The most likely 
reason for this is that the vast majority of the α subunit aggregated in the cytoplasm of the 
BL21 strain (Figure 2 in I) and thus was not efficiently translocated into the periplasm. 

 When insect cells were infected with the α and PDI/β subunit viruses, in addition to 
the active C-P4H tetramers formed, remarkable accumulation of nonassociated, 
aggregated α subunits was detected (Vuori et al. 1992a). This finding differs from the 
endogenous in vivo situation, where the newly synthesized α subunit is incorporated 
immediately into the α2β2 tetramer and nonassociated α subunits are not detected 
(Kivirikko et al. 1989, 1990, 1992). This result led to the assumption that another 
chaperone would be involved in the formation of the enzyme tetramer, as neither 
infection with the PDI/β subunit virus before the addition of the α subunit virus nor 
enhanced expression level of the PDI/β subunit in insect cells prevented aggregation of 
the α subunit polypeptides (Vuori et al. 1992a).  

Assembly studies in COS-1 cells showed that the assembly of C-P4H was ATP-
dependent and the chaperone BiP co-immunoprecipitated with the α subunit (John & 
Bulleid 1996). Therefore, it was proposed that in natural processes the free α subunits are 
repeatedly bound and released from BiP until the α subunit reaches its correct secondary 
structure. Coexpression of the α subunit with BiP in insect cells indeed led to the 
formation of both soluble and insoluble α subunit-BiP complexes, but the soluble 
complexes did not show any C-P4H activity (Veijola et al. 1996b). The observation of 
increased amounts of soluble α subunit in insect cells when expressed together with BiP 
(Veijola et al. 1996b) prompted similar studies in the E. coli expression system. The 
positive impact of chaperones and/or folding catalysts on the folding process of 
recombinant proteins has been reported in various cases, facilitating the assembly of 
multimeric proteins or improving the solubility of recombinant proteins (Goloubinoff et 
al. 1989, Lee & Olins 1992, Wall & Plückthun 1995, Georgiou & Valax 1996).  

 Assuming that higher solubility of the α subunit could be achieved by coexpression of 
BiP, this approach could potentially lead to an increased translocation of the α subunit 
polypeptides into the periplasm. This could be followed by improved tetramer assembly 
in this compartment. In our studies, however, the formation of C-P4H could not be 
enhanced by the coexpression of BiP (section 4, Table 4), neither in the cytoplasm nor in 
the periplasm. In contrast, transformation with the second plasmid encoding BiP even 
decreased the C-P4H activity obtained (Table 2 in I). This result resembles the negative 
effect of overexpressed DnaK/J on the secretion of human procollagenase (Lee & Olins 
1992).  
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Furthermore, the negative effect of BiP coexpression, which is a third heterologous 
polypeptide aside from the C-P4H α and PDI/β subunits, might be also related to an 
overload of the folding machinery of the host cell. Such an overburdening does not seem 
to be unique, e.g. less native pre-β-lactamase is translocated and processed to its mature, 
periplasmic form in E. coli cells when coexpressed with Vitreoscilla hemoglobin (VHb) 
(Rinas & Bailey 1993). The overexpression of VHb causes aggregation of pre-β-
lactamase into cytoplasmic IB. Overburdening of the protein-folding machinery caused 
by overexpressing VHb and competition of folding intermediates of both protein species 
for mutual folding helpers are discussed as possible reasons.  

The coexpression of proteins may also decrease the production of the target protein 
due to a more complex induction process and difficulties in plasmid stability 
(Oelschlaeger et al. 2003). Furthermore, as ompA was used as the signal sequence for 
periplasmic targeting, the sec-dependent translocation is involved and thus only 
nonfolded proteins are transported (Kleinschmidt 2003). BiP binds transiently to newly 
synthesized proteins in the ER, but more permanently to misfolded or unassembled 
proteins (Gething 1999). Therefore, association of the nonfolded α subunit polypeptides 
with BiP may preclude their translocation into the periplasm and also, once correctly 
folded would no longer be suitable for the sec-dependent transport mechanism.  

Highly surprisingly, in addition to the low amount of C-P4H assembled in the 
periplasm of the BL21 strain, we also detected an assembly of active C-P4H in the 
cytoplasm of this strain, however, the amounts were very low (Table 2 in I). In contrast, 
Kersteen and coworkers (2004) did not detect assembly of C-P4H in the cytoplasm of the 
BL21 strain, but this may be due to differences in the detection methods as the C-P4H 
activity assay we have used is highly sensitive. Both cellular compartments, the 
cytoplasm and the periplasm, have advantages and disadvantages with regard to efficient 
expression of heterologous proteins, as demonstrated in the production of recombinant 
antibody fragments (Wulfing & Plückthun 1994, Martineau et al. 1998). Therefore, we 
wanted further to study production of human C-P4H in the E. coli cytoplasm.  

When E. coli strains BL21 and RB791 harboring pP4Hcyt were used for expression of 
C-P4H, no tetramer assembly could be detected (data not shown). E. coli strains with a 
less reducing cytoplasm due to knockout of thioredoxin reductase and glutathione 
oxidoreductase (trxB/gor strain) have enabled the successful expression of proteins 
containing disulphide bonds in the cytoplasm (Derman et al. 1993, Proba et al. 1995, 
Bessette et al. 1999). By using the trx/gor double mutant E. coli Origami strain (section 
4, Table 3), we obtained high-level production of active human C-P4H in the cytoplasm 
(Tables 3 and 4 in I), the final yield of purified C-P4H being 8 mg/L from shake flasks 
and 25 mg/L from a fermentor run. Successful production of active human C-P4H in the 
cytoplasm of the Origami strain was also reported almost simultaneously by Kersteen and 
coworkers (2004), but their yield of active enzyme was 4-fold lower in shake flasks.  

The higher expression level obtained by us is most probably explained by the codon 
optimization of the PDI/β subunit cDNA. The use of a bicistronic vector with two distinct 
promoters, the sequential induction of the two polypeptides and optimization of the 
expression temperature also influenced the higher expression levels. The same wild-type 
human α(I) subunit cDNA was used to express the C-P4H α subunit both by us and 
Kersteen and coworkers (2004). In the case of the latter, a truncated 32-kDa form of the 
α(I) subunit due to translation start at the wrong residue Met235, was prominently 
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expressed even after modification of the correct translation initiation region, and the 
correct full-length α subunit was obtained only after substitution of the Met235 by a 
leucine. We did not observe a similar phenomenon, the vast majority of the α(I) subunit 
polypeptides expressed were full-length, and the minor bands of lower molecular weight 
most probably representing degradation products (Figure 4B in I). This was confirmed by 
N-terminal sequencing of the two bands stained by an α(I) subunit antibody that migrated 
faster than the C-P4H tetramer in native PAGE (Figure 5B in I), which showed that these 
polypeptides had intact N termini and thus had been degraded at their C termini. 
Therefore, when designing a double expression plasmid, the use of two separate 
promoters may be beneficial with regard to the identification of correct translation 
initiation sites.  

The human C-P4H α(I) subunit contains two N glycosylation sites that are 
heterogeneously glycosylated in the recombinant type I enzyme purified from insect cells 
(Lamberg et al. 1995). In contrast, as E. coli does not perform this post-translational 
modification, the recombinant C-P4H purified from E. coli was nonglycosylated (Figure 
6B in I). This lack of glycosylation in the E. coli-derived recombinant C-P4H is highly 
beneficial for crystallization attempts as the purified enzyme preparations are 
homogeneous. Furthermore, the availability of highly homogeneous recombinant C-P4H 
from E. coli may be advantageous for the development of a fast and sensitive Sandwich 
immunoassay, which can be applied in clinical diagnostics. Such assays have been 
developed (Yoshida et al. 1986), but their use has been limited due to problems in 
specificity and sensitivity. 

The expression system developed here for active human C-P4H in E. coli provides 
for the first time an option for production of stable recombinant collagen in E. coli. 
Hydroxylation of specific proline residues in collagen polypeptide chains by the C-P4H is 
essential for the generation of stable triple-helical collagen molecules (Myllyharju & 
Kivirikko 2004). This enzyme is not found in bacteria and yeasts, and is present only in 
low amounts in insect cells and in e.g. the mammary gland. High-level expression 
methods for stable recombinant human collagens have been developed in insect, yeast 
and plant cells and the mammary glands by utilizing coexpression of recombinant C-P4H 
subunits and collagen polypeptide chains in the ER (Lamberg et al. 1996, Myllyharju et 
al. 1997, Vuorela et al. 1997, John et al. 1999, Toman et al. 2000, Nokelainen et al. 2001, 
Merle et al. 2002). The present data of efficient assembly of an active C-P4H tetramer in 
the cytoplasm of E. coli suggest that a similar coexpression strategy could also be utilized 
to express stable recombinant human collagens in the E. coli cytoplasm.  

A recent study has shown that it is possible to incorporate 4Hyp residues directly 
(without an enzymatic modification step) into growing recombinant collagen polypeptide 
chains in E. coli by manipulating the E. coli proline transport system to obtain 
intracellular accumulation of 4Hyp (Buechter et al. 2003). In the presence of a vast 
excess of intracellular 4Hyp over proline, misactivation and misacylation of 4Hyp by the 
wild-type prolyl-tRNA synthetase led to the expression of collagen fragments with a 
global 4Hyp to proline substitution (Buechter et al. 2003). However, 4Hyp is found in 
human collagens in vivo only in the Y positions of the repeating -Gly-X-Y- sequences. 
Although the amount of 4Hyp incorporation in the above method can be regulated by the 
ratio of intracellular proline to 4Hyp (Buechter et al. 2003), the presence of 4Hyp 
residues exclusively in the Y positions can only be achieved by hydroxylation of proline 
residues in specific sequences catalyzed by the C-P4Hs. Thus, in order to achieve 
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expression of recombinant human collagens in E. coli with identical properties to their 
native counterparts, the presence of a functional C-P4H is essential. 

6.2  Effect of heterologous sequence optimization on the production of 
recombinant human PDI (II) 

E. coli has its own specific bias for codon usage and a common cause for difficulties in 
the expression of heterologous proteins in E. coli is that the foreign coding sequences 
often contain a number of codons that are present in the E. coli genome only at a very 
low percentage. As the availability of charged tRNAs affects the peptide elongation rate 
(Balbás 2001), optimization of the codon usage in the heterologous sequences can 
eliminate the rate limiting factor caused by rare codons. Rare codons such as the AGG for 
arginine (Rosenberg et al. 1993) and CUA for leucine (Goldman et al. 1995), especially 
at the 5' end of the mRNA, have been reported to have a negative effect due to 
destabilization of the translation complex. A major effect of codon optimization at the 
5' end on the expression level has been reported in the case of expression of the 
Dactylosporangium proline 4-hydroxylase in E. coli, where substitution of 14 
unfavorable codons resulted in a 7.7-fold increase in the amount of activity obtained 
(Shibasaki et al. 2000b).  

Sequence optimization of the human PDI cDNA was performed after searching for 
unfavorable codons and 10 rare proline codons CCC were found with only one of them 
being located in a critical position close to the 5' end. This codon was changed to the 
more favored synonymous codon CCG by site-directed mutagenesis (Figure 1 in III). In 
addition, three GAG codons for the Glu5-7 residues were mutated to GAA (Figure 1 in 
III). In the latter case, the E. coli codon usage was not the most critical basis for the 
mutagenesis, but the cluster of the three consecutive GAG codons mimics a RBS. 

These genetic modifications of the PDI expression cassette had a definite positive 
effect on the expression level of PDI. The amount increased by approximately 10-fold 
when compared to the strain harboring the nonoptimized expression plasmid. This is the 
first reported case where replacement of a single rare eukaryotic codon and a 
simultaneous removal of an alternative RBS result in such a marked effect on the protein 
expression level in E. coli. It also showed that even relatively small variations of the 5’ 
end are critical when the aim is set at high-level expression. A computer simulation 
model of ribosome traffic during bacterial translation that was constructed during this 
study strongly suggested that the increase in the PDI level was not due to a higher 
ribosome speed, but resulted from better ribosome protection of the codon-optimized 
sequence and thus increased the mRNA half-life. As the experimental results and the 
simulation results obtained in this study were highly compatible, such computer 
simulation models are likely to be extremely valuable and applicable in the optimization 
of heterologous sequences for various high-level recombinant systems.  
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6.3  Optimization of production of recombinant human C-P4H by 
expression cassette modification, cultivation strategy and quantitative 

mRNA analysis (I, III) 

As the optimal conditions for expression of a specific recombinant protein are not 
predictable, many different parameters have to be tested to obtain high-level expression. 
Correct folding of recombinant proteins in E. coli is often facilitated by lowering of the 
culture temperature, and that has improved the production of soluble proteins in a number 
of cases (Kopetzki et al. 1989, Georgiou & Valax 1996, Neubauer & Winter 2001). When 
human C-P4H was produced in the cytoplasm of the Origami E. coli cells, a strong 
correlation between the expression temperature and the level of product formation was 
observed (Table 4 in I). The highest C-P4H activity was obtained at 20°C, indicating that 
low temperature facilitates the correct folding of the subunit polypeptides, disulphide 
bond formation and tetramer assembly. A decrease in the temperature to 15°C did not 
lead to a further increase in the amount of C-P4H activity due to a low growth rate (data 
not shown). The culture temperature did not have a marked effect on the expression of 
the PDI/β subunit as high levels of soluble polypeptide were produced even at 37°C 
(original article II). Therefore, in order to facilitate both cell growth and assembly of 
active C-P4H, we lowered the temperature from 25°C to 20°C after the induction of the α 
subunit expression (section 4, Table 5). A rapid shift in culture temperature may cause 
stress reactions in the cells and to minimize such potential negative effects the lowering 
of the temperature during fermentation processes was performed gradually within 30 min. 
Kersteen and coworkers (2004) used a culture temperature of 23°C in the production of 
active recombinant C-P4H in E. coli, but did not analyze the effect of culture temperature 
in detail. 

In our recombinant expression system for human C-P4H in E. coli, the expression of 
the subunits is controlled by two different inducers. Therefore, determination of optimal 
concentrations of both inducers that lead to the most favorable ratio between the 
expression levels of the individual subunits and facilitates high-level assembly of an 
active enzyme is critical. The induction conditions should also be optimal with regard to 
avoiding accumulation of aggregated recombinant proteins in order to minimize the 
cellular burden. It has been shown that besides a higher cultivation temperature, also high 
inducer concentrations can be responsible for aggregation (Fahnert et al. 2004). The 
highest amount of C-P4H activity was obtained in shake flasks when either no or 50 μM 
IPTG and 200 µg/L aTc were added (Figure 3 in III). However, when no IPTG was used, 
accumulation of large amounts of insoluble α subunit was observed (Figure 4 in III). In 
this case the cells have a high capacity to respond to the aTc induction, which leads to a 
very high expression level of the α subunit; a suboptimal ratio between the PDI/β and α 
subunits and aggregation of the latter. In contrast, when IPTG is used to induce the PDI/β 
subunit, the cells react by producing higher amounts of this recombinant protein and the 
capacity to synthesize the second target protein is concomitantly affected leading to a 
lower expression level of the α subunit. Nevertheless, an overall improved ratio between 
the subunit polypeptides is reached, which minimizes the accumulation of aggregated α 
subunit. Surprisingly, when no IPTG was used, marked aggregation of the PDI/β subunits 
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also occurred. The aggregation decreased when 50 or 300 µM IPTG was used (Figure 4 
in III). The growth of protein aggregates occurs in the cytoplasm almost constantly 
around nucleation cores (Baneyx & Mujacic 2004). Furthermore, it has been shown that 
preformed inclusion bodies of an aggregation-prone β-galactosidase variant can act as 
effective aggregating cores (Carrio et al. 2005). These findings could suggest that in our 
expression system when using 0 µM IPTG and 200 µg/L aTc, the strongly aggregated 
α subunits interact with the PDI/β subunit polypeptides expressed and subsequently cause 
their aggregation. A similar effect obtained Rinas & Bailey (1993). They observed 
aggregation of pre-β-lactamase into cytoplasmic inclusion bodies when they 
overexpressed bacterial hemoglobin. 

A commonly used strategy for improvement of the expression level of a recombinant 
protein is optimization at the DNA sequence level. The translational yield in prokaryotes 
is determined by various features including the Shine-Dalgarno (SD) sequence for 
translation initiation. A typical SD sequence is composed of purine rich sequences such as 
AGGAGGU. Additional sequence properties affecting the translation are the initiation 
codon, the identity of the base at position -3, the mRNA secondary structure and the 
occurrence of alternative translation initiation codons. The spacing between the SD 
sequence and the initiation codon has a major impact on the translational efficiency. In 
many studies optimal spacing between the SD and the initiation codon has been reported 
to be from 5 to 13 nucleotides (Chen et al. 1994). If the term "spacing" is restricted to the 
number of nucleotides separating the SD sequence from the adenine of the AUG 
initiation codon and excludes aligned spacing, the optimal spacing varies only from 7 to 
13 (Chen et al. 1994). Aligned spacing is defined as the number of the nucleotides 
separating the RBS with a partial SD ending with U from the adenine of the AUG. In 
many cases an optimal aligned spacing of 5 nucleotides has been reported for natural 
mRNAs (Ringquist et al. 1992), randomly mutated (Min et al. 1988) or chemically 
synthesized mRNAs (Chen et al. 1994). The insertion of even a single nucleotide 
between optimally spaced SD and AUG has resulted in an order of magnitude decrease in 
the expression level (Shepard et al. 1982). In our study the amount of C-P4H activity 
obtained was increased by more than 6-fold when the spacing was reduced from 9 to 6 
nucleotides (Figures 1 and 2 in III).  

We showed that optimization of four codons at the 5' end of the PDI/β subunit cDNA 
has a marked effect on its expression level (sections 5.2 and 6.2). These modifications 
were also found to lead to a further increase in the amount of C-P4H activity (Figures 1 
and 2 in III). As the amount of soluble PDI/β subunit is critical for the yield of active C-
P4H, the codon optimization of the PDI/β subunit cDNA was thus also very beneficial for 
the production of the tetrameric C-P4H.  

The optimal induction time has to be determined separately for each heterologous 
protein. The coding regions of Plasmodium falciparum for example have A/T rich 
sequences and the encoded proteins tend to get truncated and aggregated when expressed 
in E. coli. A change in the time point of induction from the mid-log growth phase to the 
post-log phase has been reported to improve the expression level of recombinant P. 
falciparum proteins in E. coli (Flick et al. 2004). In the current study a clear correlation 
between an earlier induction time point, which is concomitant with a lower cell density, 
and a higher expression level of the recombinant C-P4H was observed (Figure 10 in III), 
both in shake flask cultivations and fermentations.  
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An interesting result from the fermentation experiments with the C-P4H expressing 
strain was that single induction with aTc was not sufficient to maintain high α subunit 
mRNA levels, which led to low yields of C-P4H (Figures 5 and 6 in III). Only when aTc 
was added frequently during the fermentation, could high expression level of the target 
mRNA, the α subunit polypeptide and the assembled C-P4H be obtained (Figures 8 and 9 
in III). Only few examples of the induction of recombinant protein expression by aTc in 
fed-batch fermentations have been reported (Bandtlow et al. 1996, Brosamle et al. 2000, 
Fiedler & Skerra 2001). The production phase was only 3 h in the reported studies and 
the obtained final yield of purified recombinant Fab fragments was only up to 0.6 mg/L. 
In our case the production phase of human C-P4H was at least 13 h in the fermentor runs 
and the final yield was 4 mg/L of purified active enzyme. The positive effect of a 
repeated addition of aTc during a fed-batch fermentation discovered here may be of wider 
general interest when recombinant proteins are expressed under the control of the tetA 
promoter, especially during long production phases. 

Interestingly, at the same time when the expression of the α subunit mRNA was 
induced, a further increase in the amount of the PDI/β subunit mRNA level was observed 
in our experiments. This can be clearly seen for example in Figure 7 in III, where the 
PDI/β subunit mRNA concentration increased from 24 to 63 fmol/µg total RNA after 
induction of the α subunit expression in a shake flask cultivation. The increase in the 
amount of the PDI/β subunit mRNA was in the same range as the obtained α subunit 
mRNA level, 46 fmol/µg total RNA. A similar phenomenon was observed in most of the 
fermentation experiments (Figure 8 in III). A possible explanation for this is that the 
transcription terminator t0 in the α subunit expression cassette is too weak to prevent 
read-through during the transcription and as the PDI/β subunit expression cassette is 
located downstream from the α subunit expression cassette (Figure 6), this may lead to 
the generation of a bicistronic mRNA. 

The detected cell specific C-P4H activity in all performed fermentation processes was 
lower than in shake flask cultivations. E. coli redox mutants grow generally slower than 
wild type cells (Bessette et al. 1999). Reducing conditions in the growth medium are 
favourable and can be obtained by adding dithiotreithol (DTT). Generally, also the use of 
complex media may create reducing conditions as well as a low level of dissolved 
oxygen. The growth problems in our fermentations and the connected low production 
may be related to oxidative stress, leading to growth inhibition. It might be interesting to 
measure the redox potential, and to add if necessary reducing substances or to control the 
air supply.  



7 Future Prospects 

In this study a recombinant expression approach for human C-P4H in E. coli has been 
developed. In view of the specific properties of C-P4H, such as being a tetramer 
composed of two different subunits, a total size of 240 kDa and a highly insoluble α 
subunit with two essential disulphide bonds, we reached a relatively high expression level 
of the active enzyme in the cytoplasm of E. coli. The reasons for the difference in the 
expression levels of C-P4H in shake flasks and fermentations are not fully understood 
yet. The production of human C-P4H in E. coli in a fermentation process can be 
optimized further by investigating parameters like the use of higher anhydrotetracycline 
concentration in the induction, the use of protease deficient strains, modified medium 
composition, alternative feeding strategies or avoiding a temperature shift.  

The C-P4H derived from E. coli lacks N-glycosylation in contrast to the recombinant 
enzyme purified from insect cells. This property may be beneficial in any crystallization 
attempts.  

Serum C-P4H serves as a biochemical marker of various diseases such as liver 
cirrhosis, alcoholic hepatitis, hepatocellular carcinoma, and cholestatic diseases. To 
analyze the amount of C-P4H in patient samples and to monitor the C-P4H assembly in 
recombinant collagen expression processes, a fast and easy quantitative assay would be 
needed. Development of a new method based on the principle of magnetic nanoparticle 
supported sandwich hybridization ELISA has been initiated. Recombinant C-P4H 
purified from E. coli will be used as test material in the starting phase of the assay 
development. The goal is that the test should have a high enough sensitivity and 
specificity to detect C-P4H in tissue samples, which would provide application e.g. in 
knock-out mouse models to study the mechanisms of human diseases.  

The quantitative Sandwich hybridization RNA assay developed here for the C-P4H α 
and PDI/β mRNAs was used for optimization of a fermentation process of E. coli for the 
first time. In the future the same technical principle could be adapted also for the study of 
expression of other enzymes that are difficult to detect due to low expression levels. The 
advantage of the method is that it can be applied in whole cell extracts with no 
requirement for RNA extraction. 

C-P4H is the key enzyme in collagen biosynthesis. For recombinant expression of 
collagens, the hydroxylation activity of C-P4H is essential to ensure formation of high 
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quality, stable triple-helical collagen molecules. As E. coli does not have endogenous 
C-P4H, heterologous expression of the enzyme is required when one aims at recombinant 
expression of collagen in E. coli. The expression plasmid generated here harbors the C-
P4H α and PDI/β subunit cDNAs under the control of distinct promoters. This strategy 
provides the possibility of transformation and coexpression of a second plasmid 
containing the collagen cDNA. The collagen cDNA could be expressed under control of a 
third promoter, e.g. araBAD. By using three different promoters it should be possible to 
evaluate the optimal expression ratio between the α and PDI/β subunit and the collagen 
polypeptides. It would be scientifically very interesting to study whether the post-
translational hydroxylation reaction of collagen chains can occur in E. coli and whether 
the collagen polypeptides can assemble into triple-helical molecules.  

The E. coli system is ideal as screening host for protein engineering work. The system 
that has been created could be used for mutant screening and drug development work on 
C-P4H. 
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