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ABSTRACT 
The bacterium Escherichia coli (E. coli) is in many situations an ideal host for production of recombinant 
proteins, since it generally provides a rapid and economical means to achieve sufficiently high product 
quantities. However, there are several factors that may limit this host’s ability to produce large amounts of 
heterologous proteins in a soluble and native form. For many applications a high purity of the recombinant 
protein is demanded, which implies a purification strategy where the product efficiently can be isolated from 
the complex milieu of host cell contaminants. In this thesis, different strategies based on both rational and 
combinatorial genetic engineering principles have been investigated, aiming at improving and facilitating 
recombinant E. coli protein production and purification.  
One objective was to improve the PEG/salt aqueous two-phase system (ATPS) purification process of the 
lipase cutinase, by increasing the selectivity of the protein for the system top-phase. Peptide tags, with varying 
properties, were designed and genetically fused to the C-terminal end of ZZ-cutinase. Greatly increased 
partitioning values were observed for purified protein variants fused to tryptophan containing peptide tags, 
particularly a (WP)4 peptide. The partitioning properties of the ZZ-cutinase-(WP)4 protein were also retained 
when added to the ATPS directly from an E. coli total cell disintegrate, emphasizing the applicability of this 
genetic engineering strategy for primary protein purification in ATPSs.  
Further on, a combinatorial library approach using phage display technology was investigated as a tool for 
identification of peptide tags capable of improving partitioning properties of ZZ-cutinase in an ATPS. Repeated 
ATPS-based partitioning-selection cycles of a large phagemid (pVIII) peptide library, resulted in isolation of 
phage particles preferentially decorated with peptides rich in tyrosine and proline residues. Both a peptide 
corresponding to a phage library derived peptide sequence as well as peptides designed based on information of 
amino acid appearance frequencies in later selection rounds, were shown to improve partitioning several-fold 
when genetically fused to the C-terminal end of ZZ-cutinase. From the two- to four–fold increased production 
yields observed for these fusion proteins compared to ZZ-cutinase-(WP)4, it was concluded that the selection 
system used allowed for selection of desired peptide properties related to both partitioning and E. coli protein 
production parameters. 
Bacterial protein production is affected by several different mRNA and protein sequence-related features. 
Attempts to address single parameters in this respect are difficult due to the inter-dependence of many features, 
for example between codon optimization and mRNA secondary structure effects. Two combinatorial 
expression vector libraries (ExLib1 and ExLib2) were constructed using a randomization strategy that 
potentially could lead to variations in many of these sequence-related features and which would allow a 
pragmatic search of vector variants showing positive net effects on the level of soluble protein production. 
ExLib1 was constructed to encode all possible synonymous codons of an eight amino acid N-terminal 
extension of protein Z, fused to the N-terminal of an enhanced green fluorescent reporter protein (EGFP). In 
ExLib2, the same eight positions were randomized using an (NNG/T) degeneracy code, which could lead to 
various effects on both the nucleotide and protein level, through the introduction of nucleotide sequences 
functional as e.g. alternative ribosome binding or translation initiation sites or as translated codons for an N-
terminal extension of the target protein by a peptide sequence. Flow cytometric analyses and sorting of library 
cell cultures resulted in isolation of clones displaying several-fold increases in whole cell fluorescence 
compared to a reference clone. SDS-PAGE and western blot analyses verified that this was a result of increases 
(up to 24-fold) in soluble intracellular ZEGFP product protein content. Both position specific codon bias effects 
and the appearance of new ribosomal binding sites in the library sequences were concluded to have influenced 
the protein production. 
To explore the possibility of applying the same combinatorial library strategy for improving soluble 
intracellular production of heterologous proteins proven difficult to express in E. coli, three proteins with either 
bacterial (a transcriptional regulator (DntR)) or human (progesterone receptor ligand binding domain (PR-
LBD) and 11-β Hydroxysteroid dehydrogenase type I (11-β)) origin, were cloned into the ExLib2 library. Flow 
cytometric sorting of libraries resulted in isolation of DntR library clones showing increased soluble protein 
production levels and PR-LBD library clones with up to ten-fold increases in whole cell fluorescence, although 
the product under these conditions co-separated with the insoluble cell material. 
 
Keywords: Aqueous two-phase system, combinatorial library, expression vector, flow cytometry, fusion tag, 
partitioning, peptide library, phage display, recombinant proteins, ribosomal binding site, translation initiation, 
Shine-Dalgarno, selection. 
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1 INTRODUCTION 
Production of recombinant proteins has ever since the first successful experiments in 

the 1970s where a foreign DNA fragment was cloned into a bacterial plasmid and the 

first recombinant proteins were expressed in bacteria, the human peptide hormone 

somatostatin soon followed by human insulin, proven highly valuable for both the 

understanding of living organisms as well as for applications in for example the 

biotechnology and pharmaceutical industry (Cohen et al., 1973; Goeddel et al., 1979; 

Itakura et al., 1977). Up until then, proteins had been extracted from natural sources. 

A variety of different host cells, including prokaryotic (bacteria) and eukaryotic 

(mammalian, yeast, insect) cells, are now available for production of recombinant 

proteins. The choice of cell for a particular protein will depend both on properties and 

intended use of the target protein as well as factors like cell growth characteristics, 

expression levels, posttranslational modifications and costs. Bacterial hosts, such as 

the gram negative Escherichia coli (E. coli) are advantageous because of their ability 

to grow rapidly to high cell densities on inexpensive substrates, their often well-

characterized genetics and the availability of a large number of cloning vectors and 

mutant host strains (Schmidt, 2004). Generally a particular purity of the protein is 

demanded, which necessitates purification strategies where the product efficiently is 

isolated from the complex milieu of host cell contaminants, including cell debris, 

nucleic acids and host proteins. Such protein purification strategies typically rely on 

differences in physicochemical properties between the molecules to be separated or on 

a biological function of the protein such as biospecific recognition. 

A tremendous amount of efforts aiming at investigating and improving factors related 

to recombinant protein production and purification has been performed over the years. 

Here, genetic engineering has been an important and widely applied tool to modify 

and combine protein properties and functions according to particular desires. Rational 

genetic engineering principles include specific and controlled modifications of the 

protein by for example point mutations, insertions, deletions and fusions to other gene 

or peptide encoding sequences. Combinatorial genetic engineering principles may 

include the same type of modifications, but typically involve the handling of very 

large collections, or libraries, of protein variants, created by introduction of 

randomized changes at several sites simultaneously.  
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In this thesis, different strategies based on both rational and combinatorial genetic 

engineering principles have been investigated, aiming at improving and facilitating 

recombinant E. coli protein production and purification. A description of the specific 

contribution to the field performed by this work will follow a general introduction of 

the area, including examples of previously reported considerations that have been 

applied to achieve a complete protein production strategy using E. coli as host.  
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2 RECOMBINANT PROTEIN PRODUCTION IN E. COLI 
2.1 The E. coli host  
The E. coli genome is composed of approximately 4.6 x 106 base pairs and includes 

more than 4000 protein-coding genes (Blattner et al., 1997). E. coli is regarded as the 

most widely used of all prokaryotic organisms for recombinant protein production 

(Schmidt, 2004). It offers several advantages such as an already existing profound 

genetical and physiological characterization, cost efficient as well as simple handling 

and process scale-up and finally the possibility of achieving high cell-densities and 

product yields of up to 50 % of the total cellular protein (Baneyx and Mujacic, 2004; 

Jana and Deb, 2005; Schmidt, 2004). Taking the inherent properties of the gene 

product into account a decision can be made to either direct the protein to the 

cytoplasm, the inner membrane, the periplasm or the culture medium (Figure 1).  

 

 
 
Figure 1. Schematic picture of an E. coli cell containing plasmid vectors for production of recombinant 
proteins destined either for the cytoplasm (white area), the cytoplasmic membrane (inner black line) or 
via a signal peptide to the periplasm (grey area). 
 

The cytoplasm, as opposed to the periplasm, normally lacks the ability to support 

disulfide-bond formation due to the combined action of thioredoxins and 

glutaredoxins.  

Examples of E. coli strains frequently used for routine protein expression are the 

strains BL21 and K12 and their derivatives (Terpe, 2006). They are non-pathogenic 

and unlikely to survive in hosts and cause disease. In addition, BL21 is naturally Ion 

and ompT protease deficient. Numerous specialized host strains have been developed 

to overcome recombinant protein expression related problems. Examples are strains 

that have been modified for the purpose of facilitating cytoplasmic disulfide bond 
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formation, decreasing protease activity, expression of genes utilizing codons that are 

rare in E. coli as well as more efficient metabolism and protein folding (Sorensen and 

Mortensen, 2005a; Sorensen and Mortensen, 2005b).  

 

2.2 The expression cassette 
In order to produce a protein, the gene encoding the protein of interest needs to be 

presented in the context of an expression cassette containing flanking regions capable 

of promoting and regulating transcription of the gene. The expression cassette 

contains several important genetic elements that affect both transcriptional and 

translational aspects of the protein production (Figure 2). 

 

 

 
 
Figure 2. Schematic presentation of important sequence features of a prokaryotic expression cassette. A 

repressor may be encoded by a regulatory gene (R) and modulates the activity of the promoter (P). The 

arrow indicates the transcriptional direction. The Shine-Dalgarno (SD) sequence is complementary to a 

subsequence of the 16S rRNA sequence ACCUCCUUA and is positioned approximately 4-10 (N) 

nucleotides upstream from the translation initiation codon (start codon) (Ringquist et al., 1992). The 

coding sequence is ending by a stop codon. A transcriptional terminator (T) increases plasmid and 

mRNA stability. 

2.2.1 The Promoter 
A promoter is a DNA sequence to which RNA polymerase binds for transcription 

initiation. There are several different promoter sequences in bacteria with different 

consensus sequences in the -10 and -35 region (the transcription initiation site defined 

as +1), recognized by different sigma factors that are exchangable subunits of the 

RNA polymerase holoenzyme. The strength of the promoter is determined by the 

relative frequency of transcription initiation, i.e. number of times transcription is 
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initiated per minute. This is mainly affected by the affinity of the promoter sequence 

for RNA polymerase. 

The transcription from bacterial promoters can be controlled by repressor proteins 

binding to operator sequences which are overlapping the promoter sequence and 

interfering with transcription initiation by RNA polymerase. Further, activators can 

bind to the DNA upstream of promoters and stimulate transcription by different 

mechanisms, e.g. increasing the affinity of polymerase for the promoter. In the lac 

operon, including genes required for metabolism of the sugar lactose, transcription is 

induced by binding of lactose to the Lac repressor (Lac I) which causes a 

conformational change of the repressor, leading to its dissociation from the operator 

and initiation of transcription by RNA polymerase (Jacob and Monod, 1961).  

A promoter should generally provide a low basal transcription in the absence of 

inducer (i.e. be tightly regulated) to avoid early over-production of the target protein. 

A tightly regulated promoter is particularly important when the protein of interest is 

toxic to the host cell. Induction is performed either by shifting growth conditions, e.g. 

elevating the cultivation temperature, or by adding chemicals and should preferably 

be both simple and cost-efficient. Isopropyl β-D-1-thiogalactopyranoside (IPTG) is a 

lactose analogue capable of strong induction and since it is not metabolised its 

concentration stays constant throughout the experiment. Nevertheless, IPTG is not 

ideal for large scale production of human therapeutic proteins because of its toxicity 

and cost (Jana and Deb, 2005).  

There are several promoters available for high-level transcription in E. coli.  

Examples are the commonly used very strong T7 promoter originating from 

bacteriophage T7 (Studier and Moffatt, 1986), the relatively weak E. coli lac promoter 

(Gronenborn, 1976) and the strong synthetic tac (de Boer et al., 1983) and trc 

(Brosius et al., 1985) promoters (derived from the E. coli trp and lac promoters). A 

disadvantage with these promoters is their leakiness under non-induced conditions, 

which increases the probability of plasmid loss and can inhibit cell growth. 

Expression cassettes with the E. coli araBAD promoter are designed for tight control 

of background expression and L-arabinose concentration-dependent expression of the 

target protein (Jana and Deb, 2005; Sorensen and Mortensen, 2005a; Terpe, 2006). 

The Protein A promoter originates from Staphylococcus aureus but is functional in E. 

coli where it is considered to be constitutive (Lofdahl et al., 1983).  
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2.2.2 The translation initiation region 
The mRNA region extending from immediately upstream of the Shine-Dalgarno 

sequence (SD) to approximately 20 nucleotides downstream of the initiation codon is 

generally referred to as the translation initiation region (Figure 2) (Bucheler et al., 

1992; Simmons and Yansura, 1996; Stormo et al., 1982). Of the three translational 

steps, translation initiation, elongation and termination, the translation initiation event 

is considered to be the major limiting step with which mRNA is translated into 

proteins (de Smit and van Duin, 1994). In bacteria all the three steps take place in the 

cytoplasm and engage several biomolecules, including proteins and RNA. Translation 

and transcription are tightly coupled, i.e. translation of the nascent mRNA is taking 

place while it is still being polymerized by RNA polymerase (Baneyx and Mujacic, 

2004). 

 

2.2.2.1 The Shine-Dalgarno sequence 
At the stage of translation initiation a sequence on the mRNA denoted Shine-

Dalgarno (SD) (Shine and Dalgarno, 1974) binds with standard base pairing to a 

complementary sequence, anti-SD, in the 3’-end of the 16S rRNA in the 30S small 

ribosomal subunit and together with the initiator tRNA (Met-tRNAi
Met) and initiation 

factors the pre-initiation complex (30S initiation complex) is formed. The 50S large 

ribosomal subunit will subsequently join the pre-initiation complex to form the 70S 

initiation complex and translation elongation begins (Kozak, 1999; Sprengart and 

Porter, 1997). 

Several features concerning the SD sequence such as the length of the sequence, the 

distance to the translation initiation codon and possible secondary structures formed in 

the mRNA including the SD sequence are influencing the efficiency of translation 

initiation complex formation and consequently the overall translation efficiency. The 

SD sequence for a given gene is one of several alternative subsequences showing 

complementarity to the sequence ACCUCCUUA in the 16S rRNA. In a study where 

the efficiency of a longer and a shorter SD sequence, UAAGGAGG and AAGGA, 

respectively, were compared it was concluded that the longer sequence initiated 

translation several fold more efficiently at distances 4-12 nucleotides from the 

initiation codon examined (Ringquist et al., 1992). Schurr and co-workers used a 

measure based on the assumption that the actual rRNA and mRNA interaction is the 
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energetically most stable one, i.e. the interaction with maximal free energy gain upon 

binding, to assess SD sequences in more than 1000 E. coli genes (Schurr et al., 1993). 

The average number of nucleotides engaged in base-pairing in the presumed SD 

sequences was calculated to be 6.3 and the most frequent rRNA nucleotides 

participating in the binding were CCUCCU. Interestingly, the free energy gain of the 

most stable SD-anti-SD interaction among the E. coli genes investigated was only 

approximately ¾ of that of a sequence with a perfect complementarity to the anti-SD 

sequence (here GAUCACCUCCUUA). Indeed, a too strong interaction between SD 

and anti-SD has been proposed to cause ribosome stalling at the initiation site, as 

shown by expression experiments of β-galactosidase in which the SD sequences, with 

lengths of 6, 8, and 10 nucleotides and with equal spacing from the initiation codon, 

proved to be decreasingly efficient in promoting target protein expression (Komarova 

et al., 2002). When examining 30 complete prokaryotic genomes it was seen that 

genes predicted to be highly expressed, based on codon usage biases, were more 

likely to have a strong SD sequence than average genes (Ma et al., 2002). The 

strength of these SD sequences was defined by both the base-pairing potential with 

the anti-SD and the spacing from the initiation codon. It was also shown that the 

majority of the predicted SD sequences in the highly expressed genes in the E. coli 

strain K-12 harbored the core motif GGAG or GAGG.  

During formation of the translation initiation complex the ribosome interacts with the 

mRNA both at the SD sequence and via the initiator tRNA at the initiation codon. It 

has been suggested that the 16S rRNA and the initiator tRNA have to be kept at a 

certain distance apart due to configurational constraints (Chen et al., 1994). 

Accordingly the distance or spacing between the SD sequence and the start codon has 

proven to be important for the efficiency of translation initiation. Spacing has 

generally been defined as the number of nucleotides separating the 3’-nucleotide of 

the SD sequence from the start codon. Aligned spacing is defined as the number of 

nucleotides separating the nucleotide corresponding to a reference nucleotide in the 

anti-SD from the first base in the start codon. Chen and co-workers studied the 

efficiency of two SD sequences of equal length but corresponding to different 

subsequences of the anti-SD when their spacing relative to the initiation codon was 

varied, by measuring the activity of a reporter gene product. They found that even 

though the optimal spacing was different for the two SD sequences, the optimal 
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aligned spacing was the same, five nucleotides, reflecting a preferred spacing between 

the 16S anti-SD region and the initiator Met-tRNAi
Met (see section 2.2.2.2) (Chen et 

al., 1994). In a similar study the same optimal spacing was found although distances 

considerably larger than the optimum also lead to production of the reporter protein, 

albeit at lower levels (Ringquist et al., 1992). Analysis of distances between SD 

sequences and initiation codons in highly expressed genes of an E. coli genome 

agreed well with these results (Ma et al., 2002). 

When heterologous proteins are produced in E. coli, the presence of sequences in the 

product gene (typically cDNAs) with complementarity to the anti-SD sequence in the 

16S rRNA can impede and lower target protein expression since these ribosomal 

binding site (RBS) -like sequences can compete for ribosome binding (Hrzenjak et al., 

2001). This problem was overcome by PCR based incorporation of silent point 

mutations into two RBS-like sequences, with high homology to the vector encoded 

SD sequence, present in the cDNA of a human apolipoprotein and resulted in elevated 

expression of the recombinant protein.  

 

2.2.2.2 The initiation codon 
In E. coli the AUG, GUG, UUG, AUU and CUG triplets can all function as initiation 

codons. AUG forms the most stable codon interaction with the anti-codon in the 

initiator tRNA and is used in 91 % of the E. coli genes. GUG and UUG are used in 8 

% and 1 % of the genes, respectively, and AUU and CUG in only one gene each (Jana 

and Deb, 2005; Sato et al., 2001). AUG has in reporter protein expression studies 

shown to be more efficient than GUG and UUG, although UUG placed with a 

particular surrounding codon context can be as efficient as ATG (Ringquist et al., 

1992; Stenstrom et al., 2001a). There are two types of tRNA molecules charged with 

methionine, but only the so-called initiator tRNA (Met-tRNAi
Met, in which the 

methionine is modified by the addition of a formyl group) is recognized by the 

initiation factor capable of engaging the small ribosomal subunit and consequently all 

polypeptide chains initiate with formyl-methionine even if the start codon is not AUG 

(Kozak, 1999). 
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2.2.2.3 mRNA secondary structures 
In addition to the strength of the SD sequence and the spacing to the initiation codon, 

mRNA secondary structures formed within the SD region can sequester the SD 

sequence and impair interaction with the ribosome. Any potential intramolecular base-

pairing of the mRNA is believed to compete with the intermolecular binding to a 30S 

ribosomal subunit and consequently a strong SD sequence with high affinity for the 

ribosome will increase the ability of the ribosome to compete against secondary 

structures (de Smit and van Duin, 1994). A high frequency of A-rich sequences within 

initiation regions are believed to minimize secondary structures (Kozak, 1999; 

Looman et al., 1987). Unfavorable mRNA secondary structures can unintentionally be 

introduced when the nucleotide sequence in the translation initiation region for some 

reason is altered. This was experienced in a study where codon optimization was used 

in an effort to increase the expression of a heterologous protein, which instead lead to 

increased stability of the 5’ mRNA secondary structures in the optimized transcripts 

and decreased the translation initiation efficiency (Griswold et al., 2003). Limited 

protein expression due to formation of stable mRNA secondary structures involving 

the RBS can be alleviated by performing for example silent point mutations in the 5’-

region of the target gene or by genetically adding a fusion partner with a nucleotide 

sequence which does not negatively affect the upstream region (Pfleger et al., 2005; 

Wu et al., 2004). 

 

2.2.3 The structural gene 
A gene can be defined as the complete nucleotide sequence that is needed for the 

synthesis of a functional polypeptide or RNA molecule (Lodish et al., 1995). The 

structural gene is the nucleotide sequence encoding the particular protein. In the 

bacterial genome, genes encoding proteins with related functions are often clustered 

into a single transcriptional unit denoted operon. While the whole set of genes in this 

operon is transcribed from one start site into one mRNA molecule, the subsequent 

translation into proteins is initiated at the beginning of each of the included genes. The 

mRNA is termed polycistronic since it contains the genetic information to translate 

more than one protein. The most common way to express recombinant proteins is by 

using monocistronic mRNA.  
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2.2.3.1 Codon bias effects 
Heterologous genes may contain structural features and nucleotide sequences that are 

unfavorable for expression in E. coli. One example is the different codon preferences 

of many heterologous genes as compared with genes in E. coli. Heterologous genes 

are often abundant in codons that are more rarely used in E. coli, which can lead to 

translational errors and reduced expression levels of the recombinant protein 

(Sorensen and Mortensen, 2005a). In E. coli there is a positive correlation between the 

concentrations of different tRNA species and the occurrence of their corresponding 

codons in genes (Ikemura, 1981; Lithwick and Margalit, 2003). Furthermore, there is 

a strong bias in codon usage in genes encoding highly abundant proteins towards the 

more frequent codons (Kane, 1995). Consequently, these genes use codons 

represented by higher levels of cognate tRNA species. Frequent codons are generally 

considered to be translated with a higher rate than rare codons (Sorensen et al., 1989).  

The codon bias effect can also be position specific, as exemplified by several separate 

studies (Looman et al., 1987; Ringquist et al., 1992; Sato et al., 2001; Stenstrom et al., 

2001b). In an analysis of 3540 E. coli genes using ATG as initiation codon, it was 

observed that the AAA (Lys) codon is the most frequent codon in position +2 (the 

initiation codon being +1) and also highly biased (Stenstrom et al., 2001b). When the 

base composition was varied in position +2 to include all 61 sense codons in two 

different reporter expression systems it was further shown that codons being 

overrepresented at this position in the natural E. coli genes gave rise to high reporter 

protein expression and codons being underrepresented gave rise to low expression. In 

a similar but separate study investigating 4285 E. coli open reading frames, it was 

revealed that AAA was the most frequent codon in position +2 to +5 and showed the 

strongest bias in position +2 (Sato et al., 2001). Also here codons in the second 

position were varied in expression systems, with the observation that codons 

statistically favored at this position also had positive effects on the translation 

efficiency in the systems. However, the observed effects of +2 codons on reporter 

protein expression could not unambiguously be correlated to either the availability of 

corresponding tRNA in the cell (Looman et al., 1987), physical properties of the 

decoding amino acid, mRNA stability or mRNA secondary structures (Stenstrom et 

al., 2001b). 
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Codon bias effects in other positions in the N-terminal region was investigated for 

five different constructs where the amino acid sequence had been preserved but some 

variations were made in codon composition of the five initial residues. A substantial 

variation in protein expression was observed and effects on gene expression from 

different codons were attributed to the mRNA base sequence rather than the encoded 

amino acid sequence (Stenstrom and Isaksson, 2002). Position-dependent negative 

effects of codons were demonstrated when codons associated with low gene 

expression at position +2 were shown to promote higher expression if they were 

located at position +3, +5 and +7 (Gonzalez de Valdivia and Isaksson, 2004). 

However, the observed negative effect of NGG codons was retained also in position 

+3 and +5 but not further down in the mRNA. Rare codons located also further down 

in the gene, especially the rare arginine codons when located in tandem or clusters, 

can lower the expression level of the target protein, cause frame shifting and 

premature translation termination (Gustafsson et al., 2004; Kane, 1995; Rosenberg et 

al., 1993).  

A common approach to improve heterologous protein production is to use site 

directed mutagenesis or de novo gene synthesis to alter the rare codons in the original 

gene sequence to codons frequently used in the production host (Gustafsson et al., 

2004). Although proven successful for many heterologous proteins, there is a risk 

when a codon optimization strategy is applied that the target gene sequence is 

simultaneously altered in a way such that other expression related problems come up, 

i.e. introduction of spurious RBS sites or unfavourable mRNA secondary structures 

(Griswold et al., 2003; Hrzenjak et al., 2001). Furthermore, alterations in translational 

kinetics due to synonymous codon substitutions may influence in vivo protein folding 

pathways and lead to aggregation (Cortazzo et al., 2002). A tendency for the presence 

of rare codons in turns, loops and domain linkers have been observed and proposed to 

allow a step-by-step synthesis process that could be beneficial for obtaining a correct 

folding of defined portions of the protein. 

The presence of several rare codons as opposed to synonymous frequent codons in a 

gene can lower the mRNA stability and steady-state amount in the cell, with lowered 

target protein expression as result (Deana et al., 1998). This is in part explained by 

changes in ribosome traffic on the mRNA, increasing the average length of stretches 

of free sequence as well as the time of base exposure between consecutive ribosomes 
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and between the leading ribosome and the RNA polymerase, leading to increased 

accessibility of the mRNA for RNases.  

 

2.2.3.2 Transcription termination  
An efficient transcription termination signal downstream of the coding gene increases 

the plasmid stability by preventing transcription through the origin of replication and 

through other irrelevant promoters. In addition, the mRNA is stabilized by the 

transcription terminator in the cases where stem-loop structures are formed at the 3’-

end (Sorensen and Mortensen, 2005a). 

Transcription termination is controlled either through a mechanism involving 

interactions between RNA polymerase and a stem-loop formed by the mRNA or 

through a mechanism dependent on a protein called Rho (Henkin, 2000). 

Transcription termination can also constitute a means for achieving gene expression 

regulation, i.e. through a mechanism denoted attenuation. As in the case of the trp 

operon, a leader sequence (TrpL) forms different stem-loop structures depending on 

the supply of tryphtophan in the cell (Yanofsky et al., 1981). High levels of the amino 

acid will give a fast ribosomal translation, leading to mRNA secondary structures 

signalling transcription termination so that only a transcript encoding the leader 

peptide will be produced. In contrast, if the concentration is low the translation will be 

slow and lead to alternative stem-loop formations allowing transcription of all the 

downstream trp genes in the polycistronic operon(Lodish et al., 1995). 

 

2.2.3.3 Translation termination 
When the complete peptide chain has been synthesized the peptidyl-tRNA complex 

will be released from the ribosome through the recognition of stop codons by 

termination factors. The complex dissociates into an uncharged tRNA molecule and a 

protein chain and soon thereafter the mRNA is detached from the ribosome. 

Translation termination is mediated by the stop codons UAA, UGA and TAG. In 

addition to the three nucleotides also the fourth nucleotide immediately following the 

triplet influences the efficiency of translation termination. The four nucleotide 

sequence UAAU has been described as the most efficient translation termination 

sequence in E. coli (Jana and Deb, 2005). 
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2.3 Plasmid based expression vectors 
The expression cassette with all its segments, are typically integrated either as single 

or multiple copies into the E. coli chromosome or into plasmid based expression 

vectors, which are more commonly used for protein production in E. coli (Friehs, 

2004). Plasmids are circular, extrachromosomal, double-stranded DNA molecules that 

occur naturally in bacteria. They may offer the host cell some benefit by containing 

genes providing e.g. antibiotic resistance or ability to live under certain environmental 

conditions. Plasmids can conveniently be used as expression vectors for production of 

recombinant proteins. Fundamental sequence elements required in a plasmid based 

expression vector, apart from those already described as essential for the expression 

cassette, are an origin of replication (ori) and a selectable marker e.g. a gene 

providing antibiotic resistance. At cell division there is a risk of loosing plasmids in 

one of the daughter cells and this risk is dependent on the number of plasmid copies, 

i.e. the plasmid copy number, present in the mother cell. However, higher copy 

numbers will increase the metabolic burden imposed on the host and thereby the 

growth rate generally will decrease (Paulsson and Ehrenberg, 2001). In the cell, the 

plasmid copy number is controlled by autoregulation or negative feedback regulation 

where the replication rate is a decreasing function of plasmid concentration 

(Chattoraj, 2000). Genes involved in copy number regulation are plasmid encoded and 

the replication is initiated from the replication origin by host cell enzymes. 

Extracellular changes like cultivation conditions and the cell growth rate also 

influences the number of plasmid copies in a cell.  

Many plasmids use in biotechnology have common ancestors, in terms of the origin of 

replication used. The copy number of vectors derived from plasmid pBR322 generally 

is in the range of 15-20 copies/cell and from plasmid pUC 500-700 copies/cell. The 

inability of two plasmids to be stably maintained in the same cell is defined as 

plasmid incompatibility. Incompatibility is seen when genetically distinguishable 

pairs of the same plasmid are used (Hardy, 1981). Different replicon incompatibility 

groups and drug resistance markers are preferred for co-expression of gene products 

from multiple plasmids (Sorensen and Mortensen, 2005a). 
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2.3.1 Selection marker 
The selectable marker e.g. a gene providing resistance to antibiotics, is used to ensure 

that under a selective pressure only cells harboring the plasmid will grow. The most 

common drug resistance markers in recombinant expression plasmids confer 

resistance to ampicillin, kanamycin, chloramphenicol or tetracycline. An alternative 

approach to achieve selective pressure is to use strains that have been mutated so that 

they are not able to produce an essential substance or protein. Instead the gene for 

production of this essential substance or protein is encoded by the plasmid and 

consequently only cells carrying the plasmid will survive (Friehs, 2004; Hagg et al., 

2004; Sorensen and Mortensen, 2005a). 

 

2.4 Post translational aspects 

2.4.1 Folding and solubility 
Exiting the ribosome, the newly synthesized protein chain either folds independently 

or need to be assisted by folding modulators to attain a correct and biologically active 

three-dimensional structure. Proteins that rapidly can bury exposed hydrophobic 

amino acids, such as small single-domain host proteins (<100 residues), generally fold 

efficiently. On the contrary, larger multidomain and overexpressed recombinant 

proteins often tend to aggregate into insoluble non-native proteins, inclusion bodies. 

Partially folded intermediates and misfolded states often expose hydrophobic amino 

acid residues and segments of unstructured polypeptide backbones to the solvent and 

this lead to self-association into disordered complexes. Since the polypeptide exit 

channel in the large ribosomal subunit is too narrow to allow folding beyond helix 

formation and the formation of a stable tertiary structure of a protein domain relies on 

cooperation from the whole domain, the entire sequence of the domain must emerge 

from the ribosome to be able to complete the folding. The consequence can be that 

non-native polypeptide regions in the domain stays exposed under a relatively long 

time, which makes large domains prone to aggregate. Close proximity of identical 

polypeptide chains synthesized on neighboring ribosomes on the mRNA and the high 

concentrations of proteins and other macromolecules in the cytoplasm further add to 

the probability of aggregation. Molecular chaperones serve to prevent protein 

misfolding and aggregation by shielding interactive surfaces from each other and from 
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the solvent and by accelerating rate limiting steps (Baneyx and Mujacic, 2004; Hartl 

and Hayer-Hartl, 2002).  

A frequent approach to increase the expression and solubility of the target protein is to 

genetically fuse it to a solubility enhancing fusion partner (Hammarstrom et al., 2002; 

Hammarstrom et al., 2006), such as thioredoxin (LaVallie et al., 1993), the maltose 

binding protein (MBP) (di Guan et al., 1988), the ZZ-domain derived from 

Staphylococcus aureus (Samuelsson et al., 1994), N-utilization substance A (NusA) 

(Davis et al., 1999) and glutathione-S-transferase (GST) (Smith and Johnson, 1988). 

Some of these tags also offer further advantage in that they can be utilized for affinity 

purification (MBP, ZZ, GST). Improved protein yields may come from efficient 

translation initiation, elimination of unfavourable mRNA secondary structures or 

increased resistance to proteolysis, provided by the fusion partner. A drawback is the 

potential of the fusion tag to interfere with structure or function of the protein 

(Hammarstrom et al., 2002; Hammarstrom et al., 2006; Waugh, 2005). 

 

2.4.1.1 Green fluorescent protein 
Green fluorescent protein (GFP) originally cloned from the jellyfish Aequorea 

victoria, is a frequently used biological marker in molecular biology and cell biology 

(Zimmer, 2002). It is particularly useful as a reporter protein since it does not appear 

to alter the function or location of its fusion partner. GFP contains a chromophore 

which is formed autocatalytically in the presence of oxygen by an intramolecular 

cyclization of three amino acid residues located in the center of the β-barrel structure. 

When the wild-type protein is exposed to light with a wavelength of 395 nm it emits 

green light with a wavelength of 509 nm. Enhanced GFP (EGFP) is a mutant of wt 

GFP optimized for fluorescence activated cell sorting (FACS) with excitation maxima 

at 488 nm. It was selected by the use of flow cytometry from a library expressed in E. 

coli cells at 37°C and in contrast to the wild type 90 % of the protein was soluble 

under these conditions (Cormack et al., 1996).  

GFP can be used as a reporter of productive folding of an upstream genetically fused 

protein (Waldo et al., 1999). This was demonstrated in a study where a set of 20 

archaeon proteins were expressed intracellularly in E. coli both independently and as 

fusions to GFP, in that the fluorescence from cells expressing the fusion protein was 
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directly related to the soluble fractions of the proteins expressed without GFP. In a 

similar study, a set of 20 human protein fragments (100-150 amino acids) were cloned 

into two expression vectors encoding two different N-terminal purification tags and a 

C-terminal EGFP fusion partner (Hedhammar et al., 2005b). The fusion proteins were 

subsequently produced intracellularly in E. coli and the corresponding cell cultures 

were analysed for whole cell fluorescence and light scattering in a flow cytometer. In 

addition to a clear correlation between the relative whole cell fluorescence and the 

amount of soluble EGFP product protein in the cells a linear correlation between the 

standard deviation in forward scattered light (FSC) (see page X) and the amount of 

non-soluble EGFP product protein in the cells was observed. Aggregated EGFP 

product proteins were concluded to not be fluorescent as determined by confocal 

microscopy of cells producing the proteins and from visual inspection of the pelleted 

insoluble fractions of corresponding cell cultures. In contrast to this, other authors 

have reported on clear fluorescence from fractionated insoluble material of lysed E. 

coli cell cultures producing GFP (Tsumoto et al., 2003). Yet another group observed 

fluorescence from purified inclusion bodies obtained when producing a viral 

aggregation prone capsid protein in fusion to GFP intracellularly in E. coli (Garcia-

Fruitos et al., 2005). Based on studies using fluorescent microscopy they also 

suggested that the inclusion bodies inside the producing cells were fluorescent.  

 

2.4.2 Protein localization 
Depending on the inherent properties of the recombinant protein the expression 

cassette is designed so that the newly synthesized protein either remains in the 

cytoplasm, is directed to the periplasm or more rarely translocated through the outer 

membrane into the extracellular culture medium.  

Intracellular protein production generally leads to higher protein yields. In many cases 

the intracellularly produced proteins associate into non-native and biologically non-

active insoluble aggregates termed inclusion bodies. Production of the product as 

inclusion bodies is a convenient way of achieving a relatively pure product that is 

protected against proteolysis and is especially beneficial if the active protein is toxic 

for the host. Nevertheless, refolding of proteins from inclusion bodies generally 

requires tedious and costly optimization of refolding conditions for each target protein 

as well as poor recovery yields (Swartz, 2001).  
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By fusing an N-terminal signal sequence to the target protein it can be secreted into 

the periplasm. Depending on the product, benefits are the ease of purification owing 

to the smaller pool of bacterial proteins compared with the cytoplasm, less extensive 

proteolysis, facilitated protein folding due to the oxidizing environment and the higher 

likelihood of obtaining the authentic N-terminus of the target protein. A disadvantage 

is that the translocation through the inner membrane not always is efficient (Hannig 

and Makrides, 1998). Proteins targeted to the periplasm are either maintained in an 

extended conformation by chaperones for secretion via the Sec-dependent pathway, 

cotranslationally delivered for translocation with the SRP-dependent pathway or 

exported in their native conformation by the Tat-dependent pathway. Once in the 

periplasm chaperones and thiol-disulfide oxidoreductases are available for assisting in 

folding and formation of disulfide-bonds (Baneyx and Mujacic, 2004; Hartl and 

Hayer-Hartl, 2002). 

Secretion into the extracellular culture medium has the potential to allow simple and 

fast product purification schemes without the need for expensive cell rupture, 

denaturation and refolding processes. Secretion into the extracellular medium has 

been performed for example by strategies presumably causing the outer membrane 

leaky, such as the use of non-E. coli signal peptides for export of the product to the 

periplasm (Shokri et al., 2003). In addition, mutations of the host or co-expression of 

the bacteriocin release protein or a domain of the transmembrane protein TolA has 

also been used for this purpose (Jonasson et al., 2002). 

 

2.4.3 Proteolysis and processing 
Proteolytic processing can involve cleavage of a specific peptide bond to yield an 

active or mature form of the protein (Rozkov and Enfors, 2004). For example, the 

signal sequence of proteins destined for the periplasm is removed by membrane-

associated signal peptidases. In addition, the N-terminal methionine is frequently 

excised from the protein in a cotranslational process involving methionine 

aminopeptidase. The efficiency of this process is dependent on which particular 

amino acid is present in the adjacent position but is also influenced by the residues 

located two and three positions downstream of the methionine. Improperly processed 

N-termini of recombinant proteins may lead to an increase in antigenicity or a 

decrease in biological activity (Frottin et al., 2006). 
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A second type of proteolysis is when the protein is cleaved at multiple sites finally 

leading to its complete degradation to amino acids. Polypeptides for which the 

translation are prematurely terminated and folding intermediates that are trapped off-

pathway or are only partially folded after several cycles of interactions with 

chaperones are degraded by proteases to ensure that non-native polypeptides do not 

accumulate within the cell and allows amino-acid recycling (Baneyx and Mujacic, 

2004; Hartl and Hayer-Hartl, 2002). Further, the presence of certain amino acids in 

the N-terminus (tryptophan, tyrosine, phenylalanine, arginine and lysine) and of 

hydrophobic regions in the protein has been reported to cause proteolysis. Strategies 

to avoid proteolysis are to substitute or delete amino acid sequences prone to 

proteolysis, genetically fuse the target protein to a proteolytically stable protein, co-

express protease inhibitors and express the protein in protease deficient host strains 

(Rozkov and Enfors, 2004). 
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3 PROTEIN PURIFICATION 
To purify a protein from a mixture of other proteins and contaminants, differences in 

physicochemical properties between the molecules such as hydrophobicity, charge, 

size and shape are exploited (Figure 3). Also parts of the protein with specific 

characteristics e.g. metal chelating groups and biospecific binding sites can be utilized 

for separation (Janson and Rydén, 1989; Scopes, 1993). 

 

 
 
Figure 3. Schematic picture of a protein and different physicochemical properties that can be employed 

for the separation of the protein from other biomolecules. 

 

The protein is generally released into a milieu contaminated with cellular components 

and has to be separated from approximately 4000 endogenous host cell proteins when 

purified from the cytoplasm and 100 proteins when purified from the periplasm of E. 

coli (Blattner et al., 1997). Protein purification schemes generally include an 

extensive sequence of separate steps. For production of proteins in large scale, these 

steps will together add to the total production costs and can result in considerable loss 

of product. It is therefore important to optimize the process in terms of both the 

number of purification steps employed as well as the product yield obtained in each of 

the steps. In other applications, such as in small scale-production of few highly 

interesting proteins for structural and functional studies, a relatively high number of 
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purification steps, including use of expensive matrices (such as immunoaffinity 

columns), may still be acceptable for obtaining a product with high purity.  

 

3.1 Initial fractionation 
After cultivation a soluble recombinant protein is typically released into a suitable 

buffer by either cell disintegration or disrupture of the outer cell membrane. This can 

be accomplished by applying shear forces such as high pressure (French press) or 

micro-scale high-pressure sound waves (ultrasonication), by applying heat (Jonasson 

et al., 2000) or by using milder methods where the cells are subjected to for example 

digestive enzymes or to an osmotic shock procedure. To receive the protein in a form 

suitable for further purification it must then be initially isolated from major host 

contaminants such as cell debris, nucleic acids and endogenous proteins. Particulate 

material is frequently removed by centrifugation or filtration. In addition there are 

also filtration methods for separation of proteins of different sizes, which 

simultaneously allows for concentration of the protein fraction or buffer exchange. 

Another technique that offers removal of a large portion of bulk proteins and at the 

same concentration of the solution is precipitation. Here, proteins are precipitated due 

to lowered solubility by the addition of salts, organic solvents or polymers, or by 

varying the pH or temperature of the solution. The bulk proteins can first be 

precipitated together with residual particulate matter and subsequently the product 

protein can be precipitated from the resulting supernatant solution (Janson and Rydén, 

1989; Scopes, 1993). 

 

3.2 Chromatography methods 
Separation by chromatography is a highly efficient and widely applied protein 

purification technique. It relies on the differential distribution of proteins between a 

stationary phase and a mobile liquid phase and the resulting differences in velocity 

with which the proteins will move through the system in the mobile phase. The 

stationary phase, typically packed into a vertical column, is composed of a porous 

matrix of usually hydrophilic bead based polymers which generally is covalently 

coupled to a ligand displaying particular properties, such as charge, hydrophobicity or 

a biological function (Janson and Rydén, 1989; Scopes, 1993). 



 21

Gel filtration or size exclusion chromatography (SEC) is a relatively uncomplicated 

and straightforward technique where molecules are separated according to size 

(Porath and Flodin, 1959). The matrix consists of an open, cross-linked, three 

dimensional molecular network with pores of such sizes that some are not accessible 

by large molecules, only smaller molecules can penetrate all pores.  

In ion exchange chromatography (IEC) proteins are separated primarily on the basis 

of their content and distribution of charged groups (Sober and Peterson, 1958; Sofer, 

1995). It has a high capacity and ability to adsorb and concentrate proteins from dilute 

solutions which makes it particularly useful in early stages of separation. The 

interaction between the proteins and the ion exchanger is influenced by the pH and the 

ionic strength of the mobile phase and thus these factors are optimized to give an as 

high selectivity for the target protein as possible. After column loading and washing 

the bound proteins can be eluted from the column either by an increase in ionic 

strength or by a change in pH.  

Hydrophobic interaction chromatography (HIC) relies on interactions between 

hydrophobic patches on the surfaces of globular proteins with hydrophobic ligands of 

the matrix (Porath et al., 1973). Particular salts promote the hydrophobic interactions 

during column loading and a decreasing salt gradient is used for elution. In reversed 

phase chromatography (RPC) the adsorbent is also hydrophobic, but here the sample 

is applied in an aqueous solvent and eluted by a gradient of organic solvent (Janson 

and Rydén, 1989; Scopes, 1993).  

The stationary phase utilized in high performance liquid chromatography (HPLC) is 

composed of beads with small diameter, leading to improved resolution. A 

consequence of using smaller beads, is that higher system pressure needs to be 

applied. 

Affinity chromatography is a powerful and highly selective purification method which 

exploits various biological affinities for adsorption to a solid phase. For example, 

naturally occurring binding partners can be exploited as ligands for capture of the 

protein, e.g. a receptor for the purification of a hormone. If no suitable binding partner 

is available antibodies (monoclonal or polyclonal) can be generated against the target 

protein in question and used for selective capture of the protein in immunoaffinity 

chromatography. By genetically fusing a protein or a peptide tag with affinity for an 
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immobilized ligand to the target protein a highly selective separation scheme can be 

attained where the protein of interest is efficiently purified from complex mixtures of 

molecules in only one single step. Common protein tags are the enzyme glutathione 

S-transferase (GST) (Smith and Johnson, 1988) which binds glutathione, the 

carbohydrate-binding maltose-binding protein (MBP) (di Guan et al., 1988) and 

staphylococcal protein A-derivatives with affinity to immunoglobulin G (IgG) 

(Nilsson et al., 1987). Examples of peptide tags used for affinity purification are the 

octapeptide FLAG tag which in the presence of Ca2+ binds to a monoclonal antibody 

(Einhauer and Jungbauer, 2001), different streptavidin-binding peptides and the hexa-

histidine tag utilized for binding to immobilized metal ions (Ni2+, Zn2+, Cu2+, Co2+) in 

immobilized metal ion affinity chromatography (IMAC)(Hedhammar et al., 2005a; 

Porath and Olin, 1983; Waugh, 2005). 

 

3.3 Additional separation techniques 
Chromatographic separation in packed beds requires removal of particulate material 

such as cells and cell debris prior to loading to avoid clogging of the column, back 

pressure and stop of flow through the column. However, the three different separation 

strategies expanded bed adsorption (EBA), macro-affinity ligand facilitated three-

phase partitioning (MLFTPP) and aqueous two-phase systems (ATPS) can all deal 

directly with suspensions including particulate material (Roy et al., 2006). In EBA, 

chromatographic adsorbents with a distribution in particle size and density are utilized 

to form stable expanded beds by applying an upward liquid flow to the column. The 

distance between the adsorbent particles created by the expansion of the bed allows 

for unhindered passage of cells, cell debris and other particulates during application of 

crude feed stock to the column (Chase, 1994). Thus, the EBA technique combines 

clarification, concentration and purification in one single step. In three-phase 

partitioning (TPP) precipitated material including the target protein is accumulated in 

the interface, the third phase, between an organic liquid phase and an aqueous solution 

of a salting out salt (Przybycien et al., 2004). The selectivity of TPP can be improved 

by incorporation of so-called smart polymers linked to a suitable affinity ligand that 

can dissolve in aqueous solution but precipitate when a particular condition is 

changed (Roy et al., 2006).  
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3.4 Protein purification in aqueous two-phase systems 
The potential of using aqueous two-phase systems for fractionation of particles and 

proteins was discovered by P. Å. Albertsson in the 1950: s (Albertsson, 1956; 

Albertsson, 1958). Since then they have been widely used for the separation of 

biomaterials such as plasmids, organelles, membranes and cells by partitioning 

(Johansson and Walter, 2000; Schindler and Nothwang, 2006; Trindade et al., 2005). 

Because the partitioning behavior of proteins is dependent on their surface properties, 

ATPSs have also been shown valuable as an analytical tool. Examples are detection of 

mutations of surface exposed amino acid residues of the enzyme cutinase, study of 

tetramer-dimer dissociation of hemoglobin and analysis of alterations in surface 

properties of the thyroid hormone receptor upon ligand binding (Berggren et al., 

2000c; Ichikawa et al., 1988; Middaugh and Lawson, 1980). However, the main 

application of ATPS in biotechnology has been the isolation and purification of 

proteins (Hart et al., 1994; Hatti-Kaul, 2000; Persson et al., 1998). It is a technically 

simple separation technique which is easy to scale up and due to the high water 

content in both phases (80% (w/w) to 95%) constitutes a mild separation method. 

Since crude cell homogenate can be directly applied to the system it is suitable as a 

primary purification step and further has the ability to combine clarification, 

concentration and to some extent protein purification in only one operation. In spite of 

the benefits, commercial implementations of ATPS are limited. This has been 

described to be a result of the complexity of predicting the partitioning of materials 

between the two phases, the difficulty in separating the target protein from the 

polymer solution after the primary extraction step and high cost of the phase-forming 

polymers (Rito-Palomares, 2004). 

 

3.4.1 Aqueous two-phase systems 
Aqueous two-phase systems are formed when aqueous solutions of two structurally 

different polymers are mixed or when one polymer is mixed with certain salts above a 

critical concentration (Walter and Johansson, 1994). The mixtures give rise to two 

immiscible liquid phases with high water content that are in equilibrium. For 

polymer/polymer systems the phase separation phenomenon is partly explained by 

entropy effects, where the entropy of mixing obtained when mixing two polymer 

solutions is low compared to that of mixing the same amount of the respective 
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building blocks of the two polymers represented as monomers (Albertsson, 1958). For 

polymer/salt systems, one view is that the water structuring salt causes a salting out 

effect that increases the hydrophobicity of the polymer in the system. The top-phase 

in an ATPS will be enriched with respect to one of the components (polymer) and the 

bottom-phase enriched with respect to the other component (second polymer or salt). 

Each phase has a distinct composition, which can be visualized in a phase diagram 

(Figure 4). The phase diagram is based on experimental data from a number of 

mixtures giving the compositions of the top phase, the bottom phase and the total 

composition of the system. All compositions above the curved line, the binodial 

curve, give a two-phase system where as all compositions at or below the binodial 

curve give a one-phase system. The top/bottom phase weight ratio can be calculated 

from the ratio between the distances (b-c)/(a-b) (Figure 4). If the total composition in 

a system is changed but still is represented by a point on the same tie line, the phase 

composition in the two phases will remain the same and only the top/bottom phase 

volume ratio will change. 

 

 
Figure 4. A schematic phase diagram of a PEG-salt aqueous two-phase system. Concentrations are 

given in percent weight/weight (w/w %). Compositions of the top phase and bottom phase in a given 

two-phase system are represented by points (e.g. a and c) lying on the binodial curve. The total 

composition of the system is represented by a point (e.g. b) lying on a line, the tie line, connecting the 

two phases in equilibrium. As the concentration of polymer and salt are reduced the tie line becomes 

shorter and the difference between the phases is reduced. 
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The properties of an ATPS are dependent on the temperature and the type and 

concentration of the polymer(s) and the salt used in the system. Two frequently 

utilized ATPSs are the polymer/polymer system of polyethyleneglycol (PEG)/dextran 

and the polymer/salt system of PEG/phosphate (Hatti-Kaul, 2000). PEG is a linear 

polymer of ethylene oxide units (Figure 5). 

 

HO-(CH2-CH2-O)n-H 

 
Figure 5. The structure of polyethylene glycol (PEG). n is the number of ethylene oxide units in the 

polymer chain. 

 

Novel systems use thermoseparating polymers, e.g. copolymers of ethylene oxide-

propylene oxide (EOPO), which above a certain temperature separate into one 

polymer-rich phase and one polymer-depleted water phase (Li and Peeples, 2004; 

Persson et al., 1998). Proteins have been found to almost exclusively partition to the 

water phase. Consequently, a protein partitioning to the thermoseparating polymer-

rich phase in a two-polymer system can after separation of this phase from the other 

phase be recovered in a relatively pure water phase by elevating the temperature. The 

thermoseparating polymer can then be recycled for use in the first extraction step. 

 

3.4.2 Partitioning of proteins 
The partitioning of proteins, nucleic acids, cells, viruses and particulate biomaterial 

between the phases in an ATPS depends on interactions such as hydrogen bonds, van 

der Waals, hydrophobic and electrostatic interactions between the partitioned 

substance and the phase components (Hatti-Kaul, 2000; Hatti-Kaul, 2001; Johansson 

and Walter, 2000). The partitioning of a substance can be described by the 

partitioning coefficient K according to: 

 

K = Ct / Cb       Equation 1 

 

where Ct is the concentration of the substance in the top-phase and Cb the 

concentration in the bottom-phase. K is independent of the solute concentration and 

volume ratio of the phases. 
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When purifying a target protein from contaminants it is desirable to achieve an as 

high selectivity as possible, i.e. the protein product should have a strong preference 

for one of the phases whereas contaminants such as host cell proteins, nucleic acids, 

cells and cell debris should have a strong preference for the opposite phase. The 

selectivity of the process and the distribution of biomolecules between the phases can 

be affected by either modulating the properties of the system and/or of the target 

protein.  

The pH and temperature of the system as well as the type, molecular mass and 

concentration of the phase forming components are all influencing partitioning and 

hence if these system parameters are designed appropriately the purification and 

product yield can be improved. Further, the selectivity of the system can be increased 

by either covalently couple for example hydrophobic groups, metal chelating groups 

immobilized with metal ions or affinity-ligands to one of the phase forming polymers 

or by simply adding substances that influence the partitioning directly to the system 

(Bernaudat and Bulow, 2006; Hatti-Kaul, 2000). Additives such as detergents or 

target protein substrates with preferences for one of the phases have successfully been 

introduced into two-phase systems for improved partitioning through hydrophobic and 

affinity interactions with the target protein, respectively (Fernandes et al., 2001; 

Nilsson et al., 2002). Addition of certain salts to the ATPS can generate an electrical 

potential difference between the phases as a result of different affinities of the salt 

ions for the two phases and this will affect the partition coefficient of proteins 

according to their charge (Berggren, 1995; Franco, 1996). Inclusion of NaCl into both 

polymer/polymer and PEG/salt systems has been shown to increase the effect of 

hydrophobic interactions between the more hydrophobic phase forming component 

and the protein (Franco et al., 1996; Jain et al., 2004). 

Partitioning of a protein in an ATPS further relies on the physicochemical properties 

of the protein, e.g. hydrophobicity, charge and molecular weight (Andrews et al., 

2005). In a study of eight structurally determined monomeric proteins it was 

concluded that it is the surface exposed amino acid residues that determine the 

partitioning behaviour of a given protein (Berggren et al., 2002). These amino acids 

characterize the protein surface in terms of electrochemical and hydrophobic 

properties and the contribution to the partitioning of each amino acid is dependent on 

the total protein surface. The dependence on the protein size was also noted in a work 
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where the observed hydrophobic effect related to the number of tryptophan (Trp) 

residues in a peptide tag fused to the target protein was significantly lower for the 

target protein with an approximate double size of that of the other investigated target 

protein (Berggren et al., 2000b).  

 

3.4.3 Genetic engineering of the target protein for improved 
partitioning in aqueous two-phase systems 
As outlined above the properties of an ATPS can be altered to improve the selectivity 

for and purification yield of a target protein. This is an empirical process which can be 

tedious and may not always lead to desired results. Although alternative two-phase 

systems, e.g. systems with an affinity ligand coupled to one of the polymers, provide 

high selectivity they are not so attractive in large scale applications due to negative 

factors related to the cost of the modified polymers, restrictions in the availability of 

affinity partners and the need for recycling of the expensive modified polymer. A 

supplementary approach to influence the partitioning of a target protein in an ATPS is 

to modify the properties of the protein by genetic engineering. The strategy can either 

be to perform site directed mutagenesis of surface exposed amino acid residues of the 

protein or to genetically fuse proteins or peptide tags with beneficial properties to the 

target protein. 

Changes in protein surface properties with respect to charge and hydrophobicity, 

either introduced chemically or by site directed mutagenesis, have been shown to 

influence the partitioning coefficient in ATPS (Berggren et al., 2000c; Franco et al., 

1996; Franco, 1996; Luther and Glatz, 1994). However, fusion of peptide sequences 

to the target protein is less probable to interfere with the protein conformation and is 

easier to design than site directed changes. 

When the enzyme β-galactosidase was partitioned in PEG/phosphate aqueous two-

phase systems the observed high partitioning constant was mainly attributed to the 

high content of solvent exposed tryptophan residues in the native protein as compared 

with other intracellular E. coli proteins (Huddleston et al., 1991; Köhler et al., 1991b). 

In addition, results from partitioning of dipeptides in similar systems showed a strong 

preference of Trp residues for the PEG-rich top-phase (Diamond et al., 1989). Based 

on these observations one or two Ala-Trp-Trp-Pro peptide units were genetically 

fused to the C-terminal of the IgG-binding and staphylococcal protein A-derived 
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protein ZZ and was proved to significantly enhance the partitioning coefficient of the 

target protein in PEG/phosphate systems. This was shown both in the presence and 

absence of crude E. coli cell extract (Köhler et al., 1991a). The larger the number of 

Trp residues included in the tag, the greater was the increase in partitioning to the 

PEG-rich top-phase. In the design of the peptide the alanine (Ala) residue was 

included to function as a spacer and the proline (Pro) residue to impose 

conformational restrictions into the peptide so that the side chains of the Trp residues 

would stay exposed to the solvent. A specific interaction between the side chain of 

tryptophan and PEG, including hydrogen bond interactions between groups in the 

tryptophan indole ring and the repeating ether oxygen linkage in PEG, was suggested 

as a reason for the dramatic influence on protein partitioning. A preference for the 

more hydrophobic PEG-rich top-phase and a positive influence from increasing 

number of Trp residues by the same model proteins was also demonstrated for a 

polymer-polymer ATPS (Carlsson et al., 1996).  

The effect of isoleucine (Ile) residues in C-terminal fusion peptide units on 

partitioning of the ZZ protein in PEG/salt systems has been investigated as well 

(Hassinen et al., 1994). Although Ala-Ile-Ile-Pro peptides increased the partitioning 

coefficient of the ZZ protein fusion partner, the impact of corresponding Ala-Trp-Trp-

Pro peptide units was substantially higher.  

In addition to partitioning effects due to hydrophobic interactions between the protein 

and the phase forming components, the distribution of a protein between the two 

phases can be affected by charge interactions. Addition of charged peptide tags to 

target proteins and the resulting effects have been studied in both polymer/polymer 

and polymer/salt systems. Modification of β-galactosidase by addition of negatively 

charged aspartate (Asp)-rich peptide tags to the C-terminus proved to strongly 

influence the partitioning properties of the protein in a PEG/dextran system (Luther 

and Glatz, 1994). When negatively (Asp) and positively (lysine (Lys)) charged amino 

acid residues were added between the Trp and the Pro residue in the previously 

studied peptide tags Ala-Trp-Trp-Pro (see above), C-terminally fused to ZZ, 

partitioning to the PEG-rich top-phase in a PEG/salt system was observed to be 

favoured by increasing negative net charge of the protein. On the contrary, insertion 

of positively charged residues resulted in stronger preference for the salt-rich bottom 

phase (Berggren et al., 2000a).  
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4 LIBRARY TECHNOLOGIES 
Although rational engineering approaches frequently has proven successful for 

modification of protein properties and functions, it generally is a tedious procedure 

since each protein has to be individually designed, produced and assayed and is 

restricted to creation of a fairly limited set of altered proteins. The function and 

properties of a molecule can also be evolved by the procedure of diversification, 

selection and amplification (Matsuura and Yomo, 2006). Proteins, RNA and DNA are 

all polymers that have been targeted for molecular evolution. A large pool of 

diversified variants constitutes a library. Such diversification for the generation of a 

library of mutant genes can be carried out by introducing mutations, such as point 

mutations, deletions, elongation or recombination into the polymer sequences. After 

screening and selection of desired molecular functions or properties, genetic 

identification and amplification of the isolated individual is enabled through a 

physical linkage between genotype and phenotype. Several different strategies have 

been developed for such genotype-phenotype linkage and used for screening and 

selection of proteins with particular traits. Cells intrinsically possess a linkage by 

encapsulating their genes within membranes and thus proteins expressed and 

remaining within the cell or displayed at its surface can be screened and evaluated for 

improved or altered protein functions or increased expression levels (Georgiou et al., 

1997; Lofblom et al., 2005; Matsuura and Yomo, 2006; Wittrup, 2001). Other 

examples of genotype-phenotype linkage systems include phage display (Smith, 

1985), mRNA display (Nemoto et al., 1997; Roberts and Szostak, 1997), ribosome 

display (Mattheakis et al., 1994) and in vitro compartmentalization (Tawfik and 

Griffiths, 1998).  

 

4.1 Combinatorial genetic engineering approaches for 
improved protein expression 
Traditional strategies to solve expression problems related to protein solubility in E. 

coli have been to test weaker promoters, use partial induction of the promoter, modify 

the growth media, reduce the cultivation temperature and co-overexpress chaperones 

(Sorensen and Mortensen, 2005b). Low expression yields due to rare codon usage can 

sometimes be overcome by overexpression of the cognate tRNAs (Gustafsson et al., 

2004). As described above, also modified host strains and different genetic 
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engineering approaches have in many cases proven valuable for improvement of 

recombinant protein expression. However, since these types of strategies not always 

are successful combinatorial genetic engineering approaches have proven to be highly 

useful complementary strategies. 

A library approach was early used to demonstrate the influence of nucleotide residues 

surrounding the SD sequence and nucleotide residues downstream of the initiation 

codon on reporter protein expression (Bucheler et al., 1992). Combinations of 

different sets of upstream and downstream variegated sequences proved unequally 

successful in promoting high protein expression, which was explained in part by the 

tendency of the regions to form stable secondary structures.  

A strategy including both rational and combinatorial design was applied for 

construction of a library with silent and non-silent point mutations in the early coding 

region of the coral Dicosoma sp. derived fluorescent reporter protein DsRed-Express, 

with the aim to disrupt probable base pairing between this region and nucleotides in 

the RBS. Variants maintaining the same spectral properties but with higher product 

production levels could be isolated (Pfleger et al., 2005). 

Two independent studies have reported on improved expression levels of bacterial and 

mammalian proteins from plasmid library vectors with increased efficiencies in the 

RBS sequences (Wilson et al., 1994; Zhelyabovskaya et al., 2004). The SD sequences 

were subjected to random mutagenesis to create libraries from which successful 

clones could be selected by antibiotic selection pressure.  

Also libraries with promoter mutants have been generated (Soriano et al., 2002). Here 

flow cytometric cell sorting was applied to isolate expression vectors with promoter 

sequences allowing cell cultures to reach higher densities in a batch culture as 

compared with the original clone. Although similar recombinant product production 

levels were achieved, a higher total yield was obtained due to the higher cell densities. 

The translation initiation efficiency and the resulting product formation rate can affect 

the secretion and processing of heterologous proteins targeted for the E. coli 

periplasm. Simmons and co-workers constructed a library containing silent mutations 

in five amino acid positions downstream of the initiation codon of the STII signal 

sequence and used the library for isolation of plasmid constructs with a 13-fold range 

of translational strengths as measured from reporter protein expression data (Simmons 
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and Yansura, 1996). When these expression vectors subsequently were empirically 

tested for expression of heterologous proteins, an optimum translational level was 

observed to exist to achieve high-level secretion and efficient processing of the 

precursor protein. Successful expression and assembly of full length antibodies via 

export into the periplasm of E. coli was later reported by using expression vectors 

with optimized translation levels of the light and heavy chain, respectively(Simmons 

et al., 2002). 

Another approach is to perform directed evolution through random DNA shuffling 

(Stemmer, 1994) of the protein and screen for enhanced solubility. This was done 

using the GFP folding reporter assay on several different proteins with increased 

solubility as a result (Pedelacq et al., 2002; Waldo et al., 1999). The determined 

structure of one of the evolved proteins, containing six point mutations and retained 

enzymatic activity, indicated no appreciable effect on the overall fold of the protein 

suggesting this strategy as suitable for high-throughput engineering of protein 

solubility. In a study employing error prone PCR followed by screening and sorting 

by FACS, a variant including three point mutations of the TEV protease showed five-

fold increased solubility as compared with the original construct (van den Berg et al., 

2006).  

A rational library approach to increase the solubility of proteins is to genetically 

delete N-terminal portions of the protein, as demonstrated by employing a screening 

technique termed colony filtration (CoFi) blot for soluble protein expression directly 

from E. coli colonies (Cornvik et al., 2005). The CoFi blot screening system was 

applied to screen thousands of colonies from libraries of human and mouse genes 

genetically truncated in the corresponding N-terminal end (Cornvik et al., 2006). 

Novel constructs with increased solubility could be found and an interesting 

observation was that a majority of the soluble constructs had their N-terminal start 

close to domain borders as predicted from databases. Only small variations in the 

length of the expression constructs proved to have great effect on the efficiency of 

soluble protein expression. 
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5 PRESENT INVESTIGATION 
5.1 Rational genetic engineering of cutinase for improved 
partitioning in ATPSs (I) 
The aim of this study was to investigate the possibility to improve the partitioning of 

the recombinant protein cutinase in a PEG/salt aqueous two-phase system by genetic 

fusion  to peptide tags. The project was part of a larger EU-project, a collaboration 

between a number of European universities and two enzyme manufacturing 

companies, with the objective to develop techniques for isolation of recombinant 

proteins produced by large scale fermentation in the biotechnology industry. The 

techniques were all based on expression of proteins with defined peptide sequences 

fused to the protein primary structure by genetic engineering. One of the two 

industrially important proteins investigated was the lipase cutinase from the fungi 

Fusarium solani pisi. Cutinase catalyses hydrolysis of cutin, a biopolyester which 

covers the surface of plants and plays a key role in protection against the entry of 

pathogens (Carvalho et al., 1999). The ability to hydrolyse a broad variety of esters 

such as fatty acid esters and water-soluble esters makes the enzyme interesting for 

applications within the detergent and food industry. The Fusarium solani pisi cutinase 

is an approximately 22 kDa one-domain protein with four cysteines forming two 

disulfide bridges that play an important role for its structural integrity.  

 

5.1.1 Design and production of cutinase fusion variants 
The previous observations that tryptophan residues, either naturally occurring or 

genetically engineered into the protein, greatly contributed to strong partitioning to 

the hydrophobic PEG-rich top phase in PEG/salt aqueous two-phase systems 

suggested design of peptide tags rich in Trp residues for engineering of cutinase 

(Huddleston et al., 1991; Köhler et al., 1991a; Köhler et al., 1991b). Hydrophobic 

isoleucine residues included in peptide tags fused to the ZZ-protein had proven less 

efficient as compared with Trp residues in promoting top-phase partitioning of the 

target protein in this type of two-phase systems (Hassinen et al., 1994). Likewise, the 

aromatic amino acid phenylalanine could not confer partitioning properties 

comparable to tryptophan when partitioned as dipeptides together with glycine 

(Diamond et al., 1989). Although difficult to predict, observed influences on 

partitioning due to charged residues motivated construction of charged peptide tags 
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(Huddleston et al., 1991). In addition, all the tags in this study were designed to 

include Pro residues to increase the solvent exposure of adjacent amino acids by 

preventing a folded peptide structure interacting with the surface of the fusion protein. 

Proline is conformationally highly rigid compared to other amino acids and acts as a 

structural disruptor when positioned within alpha helices and beta sheets. In this study 

the peptide extensions included were (WP)2, (WP)4, (RP)4, (DP)4, (WPR)4 and 

(WPD)4. 

The PCR amplified cutinase gene was cloned into an expression cassette comprising a 

staphylococcal protein A promoter, a protein A signal sequence for export to the E. 

coli periplasm and duplicate sequences of the 6 kDa IgG-binding domain Z enabling 

one-step affinity purification of the fusion proteins (Figure 6) (Nilsson et al., 1987). 

The peptide tags were genetically engineered to the C-terminal end of cutinase either 

through PCR amplification of the target gene utilizing downstream oligonucleotide 

primers with peptide extension encoding overhangs or by cloning peptide encoding 

oligonucleotide linkers into appropriate 3’-restriction sites. 

 

 
Figure 6. Schematic description of the expression casette used for production of the different cutinase 

fusion proteins in E. coli. An expression system based on the promoter (PSPA) and signal peptide (SSPA) 

of staphylococcal protein A was used for protein secretion into the E. coli periplasm. The N-terminal 

divalent IgG binding fusion partner ZZ enabled one-step affinity purification of the fusion proteins. 

The black box corresponds to the position of the different C-terminal peptide extensions: (WP)2, (WP)4, 

(RP)4, (DP)4, (WPR)4 and (WPD)4. Relevant restriction sites used for cloning work are indicated. 

 

The fusion proteins were produced in overnight shake-flask cultures as secreted to the 

periplasm and purified by IgG-affinity chromatography. SDS-PAGE analysis of all 

constructs and mass spectrometry analysis of three of the constructs, ZZ-Cut-wt, ZZ-

Cut-(WP)4 and ZZ-Cut-(WPD)4, showed stably produced full length proteins with 

molecular masses according to theoretical amino acid composition. 
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5.1.2 ATPS partitioning of cutinase variants 
The effect on partitioning of cutinase from the different C-terminal extensions was 

studied in a PEG/salt aqueous two-phase system, system A (Figure 7), by comparing 

cutinase enzyme activity in the top and bottom phase, respectively. Two additional 

untagged cutinase variants, produced in S. cerevisiae (Cut-Y) and in E. coli (Cut-E) 

were also included in the study to estimate the partitioning influence from the ZZ-

domain, earlier proven to distribute close to unity between the two phases in similar 

systems (Köhler et al., 1991a). In summary, a positive effect on partitioning to the 

hydrophobic PEG-rich top-phase could be seen for an increasing number of added Trp 

residues in the tag, with 11-fold and 73-fold enhancements of the partitioning 

coefficient (K) for the ZZ-Cutinase-(WP)2 and ZZ-Cutinase-(WP)4 constructs, 

respectively, as compared with the reference protein ZZ-Cutinase-wt. Peptide tags 

containing solely charged residues in combination with Pro-residues did not have any 

dramatic influence on the distribution of ZZ-Cutinase-wt in this ATPS. Incorporation 

of charged amino acid residues into the (WP)4-tag lowered the K-value.  

 

 

Figure 7. Partitioning of the constructs for ranking of the C-terminal oligopeptide extensions on ZZ-

Cut-wt in system A (PEG4000/sodium phosphate, Na2HPO4/NaH2PO4 mole ratio of 15 corresponding 

to pH approximately 8.3). 
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Partitioning values of the ZZ-Cutinase-wt and ZZ-Cutinase-(WP)4 protein variants 

were retained also when added to the ATPS directly from cell disintegrate, 

emphasizing the applicability of the genetic engineering strategy for primary protein 

purification in ATPS. 

 

5.1.3 Tag efficiency 
Assuming that the fusion of the target protein and the peptide tag does not affect the 

fusion partner properties determining the partitioning behaviour, the partitioning 

coefficient of the fusion protein can be described by the sum of the independent 

contributions from the target protein and the tag according to (Berggren et al., 2000a): 

 

log Ktagged prot. = log Kprot. + log Ktag    Equation 2 

 

Nevertheless, this is rarely the outcome when fusing a peptide tag to a protein. The tag 

efficiency factor (TEF) is a measure of how efficiently the partitioning effect of the 

tag is exploited when fused to the target protein and is defined as: 

 

tag

prot.prot.  tagged

K log
K logK log

TEF
−

=     Equation 3 

 

Thus, if the unmodified target protein and the added tag contribute independently to 

the partitioning of the fused entity, the TEF will be equal to 1. To enable calculation 

of the TEF for the (WP)2 and (WP)4 tag, respectively, free oligopeptides 

corresponding to these sequences as well as the cutinase variants ZZ-Cutinase-wt, ZZ-

Cutinase-(WP)2 and ZZ-Cutinase-(WP)4 were partitioned in a second ATPS, system B 

(Figure 8). 
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Figure 8. Partitioning of ZZ-Cut-wt and ZZ-Cut-(WP)n constructs and (WP)n oligopeptides for 
evaluation of tag efficiencies in system B (PEG4000/K-Na phosphate, K2HPO4/NaH2PO4 mole ratio 15 
corresponding to pH approximately 8.3). Based on the experimental K-values for each individual 
oligopeptide or protein as shown, the TEFs were calculated according to Equation 3 and given in the 
figure. For comparison the theoretical K-values assuming TEF=1 are also shown. 

 

The TEF-values for addition of a (WP)2- and a (WP)4-peptide to ZZ-Cutinase-wt were 

0.85 and 0.65, respectively. Addition of a (WP)2-entity to the ZZ-Cutinase-(WP)2 

variant gave a TEF-value of 0.19 and thus addition of the first peptide unit to the 

target protein is the most efficient. The improved partitioning behaviour of a target 

protein when fused to a peptide tag will depend both on the K-value and the tag 

efficiency of the added tag. For the (WP)2-peptide the partitioning coefficient was 

approximately two-fold higher than for the previously investigated (AWWP)-peptide. 

Possibly a spacer placed either between ZZ-cutinase-wt and the peptide and/or 

between the peptide units (WP)2 could increase the solvent exposure of the Trp-

residues and thereby the TEF of the peptide extension. Indeed, a slightly increased tag 

efficiency was observed in a polymer-polymer ATPS for a cutinase-(WP)4 variant 

when a spacer with the sequence Thr-Gly-Gly-Ser-Gly-Gly was inserted between the 

target protein and the peptide tag (Nilsson et al., 2002). Considering the overall 

protein production and purification process, additional factors that should be 

considered when designing the tag are the influence on the target protein expression 
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level and enzyme activity. No dramatic differences in either protein expression levels 

or specific enzyme activity for the peptide-tagged E. coli produced versions of 

cutinase as compared with the reference were observed in this study. 

 

5.1.4 Recently investigated tryptophan containing tags 
Recently, TrpPro dipeptide repeats ((WP)2, (WP)4) have been extensively investigated 

as C-terminal fusion partners to improve the partitioning of cutinase in a number of 

different two-phase systems (Berggren et al., 2000b; Cunha et al., 2003; Kepka et al., 

2005; Nilsson et al., 2002). In all reports, partitioning to the more hydrophobic 

polymer phase was increased for the target protein as result of fusion to the 

tryptophan rich peptide tags.  

Extending the concept of using Trp and Pro residues for partitioning improvement 

even further, peptide repeats consisting of either a WP motive or different WWP 

variant motives were fused to the cellulase endoglucanase I at various positions 

(Collén et al., 2001). Interestingly, independent of the positioning of the peptide tag, 

fusion to the (WP)4 peptide resulted in partitioning constants in a thermoseparating 

two-polymer system that were several fold higher than for any other peptide tag 

investigated. 

Despite the positive partitioning characteristics displayed by the (WP)4 peptide it has 

been reported to somewhat decrease the expression levels of the target protein. For 

example, when produced in yeast lower expression and secretion levels were obtained 

for (WP)4 than for (WP)2 tagged cutinase variants and when summing the results from 

both cultivation and partitioning the overall highest product activity yield was 

achieved using the (WP)2-tag (Cunha et al., 2003). 

 

5.2 A combinatorial library approach for identification of 
fusion tags improving ATPS partitioning of cutinase (II) 
The rational design of a peptide fusion tag for improved partitioning in ATPSs is 

complicated by the fact that also other properties such as solvent accessibility of the 

tag, product protein activity and proteolytic stability as well as production/secretion 

efficiency should be taken into account to be able to optimize the overall production 

and purification protocol. In this second study (II) a combinatorial library approach 
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using phage display was investigated as a tool for identification of peptide sequences 

suitable for tagging recombinant proteins to increase their partitioning in a PEG/salt 

ATPS. This selection system based on in vivo production and display of peptide 

sequences would possibly allow for selection of desired peptide properties involving 

both protein production and partitioning parameters.  

 

5.2.1 Phage display 
Phage display has been extensively used for evolutionary experiments, e.g. selection 

of affinity reagents, inhibitors, enzymes and proteins with improved stability and the 

most widely used system is that using the M13 filamentous phage (Matsuura and 

Yomo, 2006). The filamentous bacteriophages are a group of viruses containing a 

circular single-stranded DNA genome enclosed in a long protein capsid cylinder 

composed of approximately 2700 molecules of the 50 amino acid major coat protein 

(protein 8, pVIII) and a few copies each of four minor coat proteins, among them pIII, 

located at either end of the cylinder (Barbas III et al., 2001). pVIII monomers are 

tightly packed and are present in the particle as an uninterrupted a-helix, except for 

the N-terminal 5 residues facing the outside of the particle. After infection, progeny 

single stranded DNA is packed into phage particles with capsid proteins inserted at 

the inner bacterial membrane and particles are extruded from the bacterium with the 

help of viral and host proteins without killing the host (Kehoe and Kay, 2005; Marvin, 

1998). Foreign DNA sequences can be inserted into the phage coat protein genes with 

the resulting fusion protein being incorporated into the virion coat and the foreign 

protein displayed on the surface of the phage particle (Smith, 1985). All five coat 

proteins in the phage virion have been utilized for display purposes and depending on 

the phage display system used and the characteristics of the displayed protein, the 

foreign protein can either be displayed from every copy of its fusion partner or from a 

fraction of the particular coat protein used for display. Phagemid systems uses 

plasmids called phagemids that can be amplified and isolated in bacteria in the same 

way as any other plasmid. Phagemids are carrying an antibiotic resistance marker, 

bacterial and phage origins of replication, the phage coat gene from which the library 

is to be displayed and a phage packaging signal. To produce viral particles for use in 

selections the bacteria carrying the phagemid DNA are infected with helper phage, 

containing genes for synthesis of all the wild-type phage proteins. The fusion protein 
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encoded in the phagemid and the wild-type coat protein will all be assembled into the 

phage coat. However, virions will be preferentially assembled using the phagemid 

DNA, since the packaging signal of the helper phage is defective. 

The choice of a phagemid system with display on pVIII for partitioning and selection 

in an ATPS in the second study (II), was based on the hypothesis that the multi copy 

nature of this display system would result in enhanced influence on partitioning as 

compared with e.g. display on pIII. During phage assembly pVIII (as well as all the 

other structural proteins) is inserted into the inner membrane with the N-terminus 

located in the periplasm. Thus, the use of a biological phage system for production of 

the peptide candidates has the advantage that also the characteristics of the library 

peptides in terms of their proteolytic stability and capability of being secreted is 

simultaneously investigated.  

 

5.2.2 Phage partitioning 
In the 40 million members phagemid library, designed and constructed by Felici and 

co-workers (Felici et al., 1991), that was used in this study, random nona-peptides 

were displayed as fusions to the M13 pVIII. The phage library was partitioned in a 

standard PEG/salt ATPS, pH 7, in five consecutive rounds using a selection format 

where the top phase from an equilibrated system was collected and transferred for 

mixing with a fresh bottom phase in each new round (Figure 9).  

 

 

Figure 9. Schematic description of the format used for multi-step (n) selection of peptide-decorated 
phage particles with desired phase partitioning properties. A phage stock solution containing phage 
particles genetically decorated with individual peptide sequences is added to an aqueous two-phase 
system. After mixing and equilibration the top phase is collected and directly added to a fresh bottom 
phase for a new round of partitioning.  
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Initially, another selection format was tested. Here, the collected top phase was used 

to reinfect E. coli for amplification of the phage population before the next selection 

round. This selection strategy did not result in either increased phage partitioning 

coefficients (Kphage, defined as top to bottom phase phage particle concentration ratio) 

or any patterns regarding peptide sequences of analyzed clones.  

In the ATPS used, wild-type phage particles showed a 1000-fold preference for the 

bottom phase. The employed selection format resulted in increased partitioning 

coefficients for the phage population throughout the partitioning rounds. The library 

Kphage-value after the fifth partitioning round represented a 1000-fold improvement of 

the partitioning constant observed in the first partitioning round.  

 

5.2.3 Analysis of selected peptides 
For identification of traits in top phase-preferring peptide variants 25 clones 

corresponding to phage particles isolated from the top phase in each of the first four 

partitioning rounds as well as 100 clones from the fifth round were subjected to DNA 

sequencing.  

 

 
Figure 10. Histogram plot of amino acid appearance frequencies in aqueous two-phase system selected 

peptides compared to their respective theoretical frequencies according to the library design. Values 

above or under one (1) correspond to over and under representation, respectively. The values for the 

respective amino acids are shown from left to right for the five cycles of aqueous two-phase phage 

selections. STOP corresponds to any of the three stop codons. 
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In addition 76 clones from the original library were sequenced. A comparison of the 

appearance frequencies of amino acids in these peptides and their expected 

frequencies considering the library design strategy (NNN in all positions) was 

performed, to evaluate the contribution from amino acids in the peptides to the top 

phase partitioning (Figure 10). An interesting observation was that the occurrence of 

tyrosine residues increased from an approximate four-fold under representation in the 

first partitioning round to an approximate three-fold over representation in the fifth 

partitioning cycle, indicating a strong preference for the PEG-rich top phase for 

peptides containing this amino acid. Interestingly, proline residues showed a two-fold 

over representation already in the original library and this high representation was 

somewhat elevated throughout the partitioning rounds. Furthermore, tyrosine-proline 

motifs were frequently observed in the phage clones isolated after the fifth selection 

cycle (Table 1).  

 
 
Table 1. Listing of five selected peptide sequences isolated after 
the fifth aqueous two-phase selection round. 
_________________________________________________________ 
 
Peptide identity Sequence (N-C terminal)a 
______________________________________ 
P5:6   Y P Y P I S A S P 
P5:20   Y P P I Y T A P N 
P5:26   Y P I A P T L Y P 
P5:32   P Y A Y Q Y P S S 
P5:92   Y P P T P I Y A T 
_________________________________________________________ 
aTyrosines and prolines are shown in bold face, with 
tyrosine-proline dipeptide motifs underlined. 
 

 

Individual phage stocks were prepared from the five phage clones containing the 

peptide inserts with the highest prevalence of tyrosine and proline residues and 

assayed for partitioning according to the earlier used format in an ATPS with the 

same composition as used earlier. All clones showed more than 100-fold higher 

partitioning values than the wild-type phage after the fifth selection round. Notably, in 

accordance with observations made during testing and evaluation of library selection 

formats in this ATPS, no significant differences in partitioning values for the library 

phage particles could be identified before the third selection cycle. A possible reason 

for this could be that a major part of the phage particles in a newly prepared phage 
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pool only is scarcely or not at all decorated with peptide fusions and is thereby diluted 

into a wild-type phage phenotype background. Consequently, several consecutive 

selection steps will be required to enrich the pool of phage particles decorated with 

peptide fusions. In addition, if a phage pool amplification step in E. coli would be 

included between these selection steps the resulting phage pool would again contain 

predominantly wild-type phenotype phage particles. This issue could possible be 

addressed by the use of phage-based system (i.e. a system based on the use of a phage 

vector rather than a phagemid vector), since such systems typically only provide one 

source of the phage coat protein which leads to a more defined phage population). 

Another adverse effect from the amplification step on phage partitioning could have 

been from the PEG precipitation step used to concentrate the phage pool. In this 

procedure there could have been a possible loss of phage clones remaining in solution 

under the conditions used in the ATPS top-phase. 

 

5.2.4 Partitioning of peptides and fusion proteins 
To evaluate the partitioning characteristics of a free peptide corresponding to the 

library peptide sequence giving rise to highest Kphage-value when displayed on phage 

(P5:32), a chemically synthesized peptide was partitioned in a two-phase system with 

the same composition as used for the phage selection. In addition, three other free 

peptides, a P5:32-R peptide with the same sequences as P5:32 but with the tyrosine 

residues replaced with arginine residues, a (YP)4 peptide and a (WP)4 peptide were 

synthesized and assayed. The partitioning results confirmed a relatively high 

preference for the more hydrophobic top phase of the P5:32 peptide (Table 2).  

 
Table 2. Partitioning data for four synthetic peptides. 
_____________________________________________________ 

Peptide   Ka 
_____________________________________________________ 

P5:32   4.6 ± 0.42 
P5:32-R   0.36 ± 0.17 
(YP)4   13 ± 1.9 
(WP)4   59 ± 15 
_____________________________________________________ 
aAverage values from at least three measurements. 
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The (YP)4 peptide, designed to solely include the frequently observed YP-motif 

showed an even higher distribution to the top phase and the previously investigated 

(WP)4 peptide displayed the most pronounced top phase preference. As expected from 

the observed bottom phase preference of arginine, partitioning of the P5:32-R peptide 

resulted in low K-values. 

To investigate if the information gained from analysis of selected phage displayed 

peptides could be utilized for design of peptide extensions increasing top phase 

partitioning of a recombinant protein, five peptide tags (P5:32, P5:32-R, (YP)4, (Y)4 

and (Y)8) were genetically engineered to the C-terminal end of the previously studied 

ZZ-cutinase-wt. These protein constructs, as well as ZZ-cutinase-wt and ZZ-cutinase-

(WP)4 were subsequently produced in overnight shake-flask cultures as secreted to the 

periplasm of E. coli, purified with IgG-affinity chromatography and partitioned in an 

ATPS with the same composition as previosly.  

Interestingly, protein production under these conditions resulted in four-fold higher 

recovery yields of the ZZ-cutinase-(Y)4 and the ZZ-cutinase-(YP)4 protein variants 

and two-fold higher recovery yields of the ZZ-cutinase-(Y)8 and the ZZ-cutinase-

P5:32 protein constructs, as compared with the ZZ-cutinase-(WP)4 fusion protein. 

Investigations of all the purified protein constructs by SDS-PAGE analysis and of the 

ZZ-cutinase-(Y)8 and the ZZ-cutinase-P5:32 by mass spectrometry analyses, revealed 

molecular weights in accordance with the presence of undegraded C-terminal tags.  

All the tagged fusion proteins, except for the ZZ-cutinase-P5:32-R variant, showed 

increased top phase partitioning as compared with the ZZ-cutinase-wt construct 

(Figure 11). The similar K-values observed for the two constructs ZZ-cutinase-(YP)4 

and ZZ-cutinase-(Y)4, indicated no contribution to either the partitioning coefficient or 

to the TEF from the included proline residues in the (YP)4 tag. Furthermore, the P5:32 

peptide clearly conferred top phase partitioning to the ZZ-cutinase fusion partner and 

displayed a TEF of 1.2. Extension of ZZ-cutinase with (Y)8 resulted in by far the 

highest K-value of the investigated constructs.  

The elevated product yields of ZZ-cutinase variants extended with tyrosine and 

proline containing peptide tags and the proteolytic stabilities of these tags may reflect 

that these peptide sequences not only were selected for their top phase preferring 

properties in the ATPS used but also for being stably produced, efficiently secreted to 

the periplasm and productively assembled into the phage coat when fused to pVIII. 
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Figure 11. Histogram plot showing calculated partitioning coefficients (white bars) and partitioning 
improvement (black bars), respectively, for the different peptide-tagged ZZ-cutinase fusion proteins. 
Partitioning improvement (PI) is defined as Ktagged prot. /Kprot.. 
 

Although present in the library peptide sequences in the phage clones collected in the 

top phase after the first partitioning round, tryptophan encoding codons were not 

significantly enriched during the subsequent selection cycles. Earlier studies (I) as 

well as results from partitioning of the (WP)4 peptide and the ZZ-cutinase-(WP)4 

construct in this study had clearly shown top phase preference of tryptophan residues. 

It is therefore likely that phagemid vectors coding for library peptides rich in this 

amino acid for some reason, possibly related to periplasmic secretion or phage coat 

assembly, not result in phage particles decorated with a high portion of peptide-pVIII 

fusion proteins and consequently are not enriched in the ATPS selection procedure. 

 

5.2.5 Recently investigated tyrosine containing tags 
Since the performed studies (I, II), the influence on partitioning of the tetrameric 

enzyme lactate dehydrogenase (LDH) in a polymer/polymer system of N-terminally 

fused peptide tags consisting of solely tyrosine residues (Y3 and Y6) or tyrosine 

residues in combination with proline residues (Y3P2 and Y6P2) has been investigated. 

Also here partitioning to the more hydrophobic top phase was favoured by increasing 

number of Tyr residues in the fusion tag (Fexby and Bulow, 2002). Including proline 

residues in the Y3 and Y6 peptide tags increased the partition coefficient of fusion 
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proteins even further which was suggested to be a result of increased tag exposure to 

the surroundings. Similar results also from partitioning in a PEG/salt system were 

obtained when a variant of green fluorescence protein, GFPuv, was N-terminally 

extended with tyrosine and proline containing peptide tags (Fexby et al., 2004). 

Interestingly, several of the GFPuv fusion proteins showed higher intracellular 

expression levels in E. coli than the untagged reference GFPuv construct and the 

highest amount was observed for the (YP)3-GFPuv fusion protein. 

In a combinatorial strategy using randomized oligonucleotides and PCR, a peptide 

library with N-terminally extended variants of GFPuv was created (Bernaudat and 

Bulow, 2006). Four amino acid positions located between adjacent histidine residues 

in the nine amino acid peptides were randomized. Library member peptides with 

hydrophobic properties in addition to metal binding properties were shown to improve 

the partitioning of GFPuv in a PEG/salt ATPS supplied with PEG that had been 

immobilized with metal ions, as compared with a hexa-histidine tag. The YH6-GFPuv 

variant protein also greatly increased the intracellular protein expression in E. coli. 

 

5.3 Combinatorial expression vector engineering for tuning of 
recombinant protein production in E. coli (III) 
The protein expression level is of outmost importance for the final product yield 

obtained in the total production process of a recombinant protein. As outlined above, 

protein expression can be influenced by many different mRNA sequence-related 

features, involving for example the SD sequence, the initiation codon, the spacing 

between these two sequence elements, codon biases in the early gene sequence as well 

as mRNA stability and secondary structures. In the third study (III), two 

combinatorial expression vector libraries for protein production in E. coli were 

constructed using a randomization strategy that potentially could lead to variations in 

any of these sequence-related features. In addition, the design of one of the libraries 

could lead to an N-terminal peptide extension of the target protein. The use of EGFP 

as reporter protein for soluble intracellular target protein production allowed efficient 

fluorescence based screening and sorting of library clones using a flow cytometer.  
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5.3.1 Flow cytometry 
Flow cytometry is a technology for measuring and analyzing the signal that result as 

particles, usually cells, flow in a liquid stream through a beam of light. When the 

particles pass the laser intercept scattered light will be measured in a forward 

direction, forward-scattered light (FSC), and in a direction perpendicular to the 

incident laser beam, side-scattered light (SSC). The FSC gives information about the 

relative size of the particle and the SSC of the cell granularity and internal 

complexity. Any fluorescence from the sample will be measured in the same direction 

as the SSC. The scattered and fluorescent light is collected by lenses and passed on 

via optical mirrors and filters to detectors which convert the optical signals to 

electronic signals. Flow cytometric instruments can be equipped with a sorting 

feature. In the particular FACSVantage SE flow cytometer instrument used for 

analysis and sorting of cells in the work described in this thesis, the sample stream is 

vibrated along its axis so that it breaks up into drops. Drops containing a cell that 

meets the predefined sorting criteria are applied with a voltage charge and can then be 

sorted into collection tubes when passing through the charged deflection plates 

(Givan, 2001). 

 

5.3.2 Library design 
The two expression vector libraries were constructed to contain a 21 nucleotide long 

window of differently variegated positions following an initially placed first potential 

translational start codon triplet ((A/T)TG) and a cassette encoding a fluorescent fusion 

protein product consisting of the 6 kDa IgG-binding target protein Z (Nilsson et al., 

1987) fused to the Enhanced Green Fluorescent Protein (EGFP) reporter (Cormack et 

al., 1996) (Figure 12). In the ExLib1 library the 24 nucleotide window was designed 

to include all the possible synonymous codons corresponding to the initial eight 

amino acids of the E. coli tryptophan leader peptide (trpL), previously proven to 

promote efficient translation initiation and high recombinant protein expression levels 

(Jonasson et al., 1998; Yanofsky et al., 1981). In the ExLib2 library nucleotides in the 

variegated sequence window were randomized using seven consecutive (NNG/T) 

triplets, each including 32 possible codons covering all 20 amino acids and one of the 

stop codons. If the randomized sequence in this second library instead of being 

translated, would allow ribosome binding and translation initiation from the second 
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potential initiation codon (TTG) located downstream of the randomized window, a 

ZEGFP protein product without any N-terminal extension would be produced.  

 

 

 

 
 
Figure 12. Schematic representation of the expression cassette and the library designs. (A) Block 
diagram of the expression cassette showing (i) the E. coli lac promoter (Plac), (ii) the E. coli trp operon-
derived SD sequence (SDtrp), (iii) the gene sequence corresponding to either the eight first amino acids 
of the wild type TrpL peptide (reference vector), or the corresponding variegated sequence window of 
any library member from ExLib1 or ExLib2, (iv) the gene encoding the IgG-binding Z domain (Z) and 
(v) the gene encoding the EGFP. The two alternative start codons are indicated (Start 1 and Start 2). (B) 
DNA and deduced amino acid sequence of the translation initiation regions of the reference vector 
pBR-TrpL-ZEGFP. (C) Description of the randomization design used to construct the ExLib1 library, 
showing location and nature of nucleotide variations introduced via the use of the two degenerate 
oligonucleotides Lib-1a and Lib-1b. (D and E) Description of the randomization design used to 
construct the ExLib2 library, showing location and nature of nucleotide variations introduced via the 
use of the degenerate oligonucleotide Lib-2 (N=A, G, C or T). The design of this library allowed for 
several possible in vivo scenarios, involving a translational start at the first start codon (underlined in 
D), at the second start codon (underlined in E), or at newly occuring initiation codons, where the latter 
scenarios also require the co-occurance of suitable SD sites. 



 48

Electroporation of E. coli cells resulted in library sizes of 9 x 107 and 2 x 108 

transformants for ExLib1 and ExLib2, respectively. DNA sequencing of randomly 

picked colonies showed that more than 80% of the clones contained correct inserts. A 

pBR-TrpL-ZEGFP vector encoding the wild-type TrpL peptide in fusion with ZEGFP 

was constructed and used as reference.  

 

5.3.3 Flow cytometric analysis and sorting  
In initial experiments, the candidate plasmid backbones of either pBR322 (low copy 

number) or pUC (high copy number) were first evaluated for use in the library 

constructions. Time course analyses (1.5-16 h after induction) by flow cytometry of 

cultures grown at different temperatures and harboring the different constructs pBR-

TrpL-Z-EGFP or pUC-TrpL-Z-EGFP showed that construct-specific differences in 

fluorescence intensities could be reproducibly monitored (data not shown). The pBR-

TrpL-Z-EGFP construct resulted in lower signals than the pUC-based counterpart and 

was therefore chosen for library constructions to facilitate a monitoring of both 

decreases and increases in soluble protein product concentration. 

Cell cultures corresponding to ExLib1 and ExLib2, separately grown in shake-flasks 

and induced for 4.5 h, were washed and analyzed for whole cell fluorescence in a flow 

cytometer. Both libraries showed a wide distribution in fluorescence intensity as 

compared with the reference clone pBR-TrpL-ZEGFP, indicating a variation in 

soluble protein production of different library clones. 

To evaluate if the differences in fluorescence properties between library clones could 

be attributed to particular clonal characteristics, subpopulations from fluorescence 

intervals denoted low (5-10 interval), medium (5-100 interval) and high (500-10 000 

interval) were sorted and collected in separate pools, re-cultured as previously and re-

analysed in the flow cytometer (Figure 13). The subpopulations were either cultured 

as separate pools or as co-cultures with all three pools grown in the same shake flask. 

All subpopulations retained fluorescence intensity properties approximately 

corresponding to the intervals (low, medium and high) used in the sorting. These 

results were also observed when the experiments were repeated with intervening 

plasmid preparations of subpopulations between the sorting and culturing, which 
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strongly indicated that the observed effects in whole cell fluorescence were due to 

changes in the library plasmids. 

 

 

 
Figure 13. Histograms from initial flow cytometric sorting of ExLib1 (A) and ExLib2 (B). Analysis of 
previously isolated and here re-cultured library subpopulations denoted Low, Medium and High (gates 
once used for the sorting are shown), cultured either in separate flasks (non-filled histograms) or 
together in a common flask (co-culture) (filled histogram). The pre-amplifier gain was set to 799 V and 
the experiments were performed at least twice with similar results. 
 

 

Interestingly, both randomization strategies resulted in a dramatic influence on the 

soluble product levels of the product protein, as interpreted from the fluorescence 

intensity values. 

One of the objectives with this study was to investigate the possibility of finding 

expression vectors giving rise to higher soluble product protein levels, i.e. higher 

levels of the ZEGFP fusion protein, than did the reference construct pBR-TrpL-

ZEGFP. Consequently, two-consecutive rounds of flow-cytometric sorting of the 

libraries at relatively high gate values and with intervening re-cultivations were 

performed. Subsequent cultivation and flow cytometric analysis of individual clones 

from library pools corresponding to the second sorting round (optimized or Opt 

clones) revealed library clones with three- to four-fold (ExLib1) and four- to six-fold 

(ExLib2) increased fluorescence intensities compared to pBR-TrpL-ZEGFP (Figure 

14). Clone ExLib2-Opt7 from the ExLib2 library, showed a 16-fold higher whole cell 

fluorescence intensity than the reference construct.  
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Figure 14. Histograms from flow cytometric sortings of Optimized fluorescence clones (Opt) from 
ExLib1 (A) and ExLib2 (B). The histograms are overlay plots from analyses of the individual clones 
from the libraries (grey histograms) and the reference clone pBR-TrpL-ZEGFP (black histogram). The 
pre-amplifier gain was set to 600 V (A) or 500 V (B). 
 

 

In addition, induced overnight cultures of the pBR-TrpL-ZEGFP and the ExLib2-

Opt7 clones were analysed with a microscope. Confocal micrographs of cells 

corresponding to the two constructs are shown in Figure 15. 

 

 

 

 
 
Figure 15. Confocal micrographs of cells from induced overnight cultures corresponding to pBR-TrpL-
ZEGFP (A) and ExLib2-Opt7 (B) clones. Left panels show EGFP fluorescence, the right columns show 
the DIC (Nomarski) signals recorded simultaneously with the transmitted light detector. 
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5.3.4 Protein production analysis 
The soluble product protein levels identified by flow cytometric measurements were 

further verified by analysing soluble and insoluble fractions of the ZEGFP fusion 

protein in the cells by SDS-PAGE and western blot analysis (anti-GFP) (Figure 16).  

 

 

 
Figure 16. Analysis of sorted ExLib1 and ExLib2 clones by SDS-PAGE and western blotting. Clones 
of indicated identities were cultivated and treated for fractionation of soluble and insoluble materials, 
which were subsequently analyzed by SDS-PAGE under reducing conditions with protein staining or 
western blotting (smaller insets) using a polyclonal anti-GFP rabbit IgG reagent as primary antibody. 
The regions of the SDS-PAGE gels corresponding to the western blot analyses are indicated by the 
boxes. (A) Soluble fractions from ExLib1-Low/High and ExLib2-Low/High clones. (B) Insoluble 
fractions from ExLib1-Low/High and ExLib2-Low/High clones. (C) Insoluble (I) and soluble (S) 
fractions from ExLib1-Opt and ExLib2-Opt clones. The lanes designated "ref" refer to samples 
prepared from plasmid-less host cells (grown without added antibiotic). The numbers indicate 
molecular weights of reference proteins in kDa. In (C), samples from the pBR-TrpL-ZEGFP clone was 
included as additional reference.  
 

The results indicated that cultures of clones originating from both the low and high 

intensity intervals as well as Opt clones contained correlating relative amounts of 

soluble ZEGFP fusion protein. For some reason, clones from ExLib1 belonging to the 

low and high categories resulted in significantly higher amounts of insoluble target 
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protein compared to ExLib2 clones and this trend was also observed for ExLib1-Opt 

and ExLib2-Opt clones.  

To further verify these results, soluble ZEGFP fusion proteins from lysed shake-flask 

cultures corresponding to pBR-TrpL-ZEGFP or ExLib2-Opt7 clones were purified 

and quantified by IgG-affinity chromatography (Figure 17).  

 

 
Figure 17. Picture of IgG-Sepharose columns used for affinity purification of samples prepared from 
the soluble fraction of lysed shake-flask cultures corresponding to ExLib2-Opt7 (A) and pBR-TrpL-
ZEGFP (B) clones. The picture was taken when samples corresponding to equivalent cultivation 
volumes had been loaded onto the columns. 
 

The results showed a 24-fold higher average yield for the ExLib2-Opt7 clone, which 

was even higher than the approximately 16-fold mean fluorescence intensity increase 

monitored in the flow cytometric analysis. It has been observed that when the 

concentration of the fluorescent molecule in a sample is very high there is a likelihood 

that the light can not pass through the complete sample to cause excitation and 

thereby the linear relationship between fluorescence intensity and the concentration of 

the fluorescent protein will be affected (BD-Biosciences, 2002). This may be one 

explanation for the difference in results obtained from the two analysis methods. 

In a control experiment a stop codon was genetically introduced between the gene 

fragments encoding the Z target protein and the EGFP reporter protein in the ExLib2-

Opt7 clone. An estimation of the amount of Z protein product obtained from IgG 

affinity purification showed that the molar amounts of soluble protein Z was retained 
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after functional removal of the C-terminally fused EGFP reporter. Thus, in this study 

the reporter did not seem to influence the expression, stability or solubility of Z.  

 

5.3.5 Additional analysis of library clones 
To elucidate possible reasons for the observed differences in ZEGFP protein 

expression between library clones, 16 clones from each of the fluorescence intensity 

intervals low, medium and high from ExLib1 and ExLib2 cultures grown at either 30 

or 37˚C were subjected to DNA sequencing.  

 

5.3.5.1 ExLib1 
A statistical analysis of the frequency of the two alternative start codons (ATG and 

TTG) used in ExLib1 clones showed that the frequency of TTG decreased with 

increasing fluorescence intensity. Thus, TTG appeared less efficient as initiation 

codon than ATG, which is consistent with earlier findings (Ringquist et al., 1992; 

Stenstrom et al., 2001a). 

To evaluate if the differences in expression could be related to codon bias effects, so 

called codon adaptation index (CAI, Equation 4) values were calculated for the N-

terminal sequence of eight amino acids of each of the ExLib1 library members 

included in the analysis. The CAI, which is the most commonly used measure for 

codon bias, relates the frequency of codons in a sequence to their frequency in the 

highly expressed proteins in the reference set (Lithwick and Margalit, 2003; Sharp 

and Li, 1987). For this measure a reference set of highly expressed proteins is used to 

assess the relative synonymous codon usage (RSCU) for a codon, defined as the 

observed frequency of a codon divided by the frequency expected under the 

assumption of equal usage of the synonymous codons for an amino acid. The relative 

adaptiveness of a codon (w) is the RSCU value for that codon compared to the RSCU 

value for the optimal codon for that amino acid. For each of the 61 sense codons the 

assigned w values can then be used to calculate the CAI of a given sequence, which is 

the geometric mean of the w values corresponding to each of the codons used in that 

sequence: 
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where k is the kth codon in the sequence. 

Both the w and the CAI range between 0 and 1 and a codon or a sequence represented 

by only the most preferred codon/s give values of 1, respectively. The CAI values 

calculated for the ExLib1 library member sequences in this study, ranged between 

approximately 0.2-0.3 for all clones (low, medium, high and Opt) and thus no 

correlation to codon bias could be made. Nevertheless, calculating average w values 

for the codons in each amino acid position revealed a strong bias towards frequent 

codons in position +1 and +2 for clones belonging to the two high categories (30 and 

37˚C) and for the category with Opt clones (Figure 18A). A very interesting 

observation is the similar pattern in position specific codon bias displayed by clones 

from all these three categories, patterns that are not as clearly seen for clones 

belonging to the low categories (Figure 18B). Each amino acid position in these eight 

amino acid sequences belonging to clones sorted for high fluorescence intensity seem 

to be associated with the usage of a particular proportion of frequent and rare codons. 

The low usage of the frequent codons ATG and AAA in position +1 and +2 for clones 

belonging to the low category may in part explain the weak fluorescence intensities 

seen for these clones. 

 

 
 
Figure 18. Results from statistical analyses of codons in TrpL variants corresponding to ExLib1 clones 
of different fluorescence intensity values. Position-specific mean w values were calculated for TrpL 
encoding sequence variants (n=16) of categories of clones from ExLib1, sorted for the indicated 
fluorescence intensity intervals and grown at indicated temperatures. Individual codons with high w 
values reflect their overrepresentation in highly expressed E. coli proteins (Sharp and Li, 1987). (A) 
Grey, black and striped bars indicate ExLib1-High clones grown at 30°C, ExLib1-High clones grown at 
37°C and ExLib1-Opt clones grown at 37°C, respectively. (B) Grey and black bars indicate ExLib1-
Low clones grown at 30 and 37°C, respectively. 
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Investigation of the relative plasmid copy number (defined as the number of library 

plasmid copies per chromosome observed for a clone compared to the corresponding 

value for the pBR-TrpL-ZEGFP reference clone) using real-time PCR suggested no 

significant contribution to increased product levels from gene dosage effects (Table 

3). 

Mass spectrometry analysis of IgG-affinity purified soluble protein from cultures of 

three ExLib1-Opt clones, showed expected identical masses for all three clones 

corresponding to the TrpL-ZEGFP gene product. 

 

5.3.5.2 ExLib2 
In ExLib2 two alternative start codons existed, the (A/T)TG triplet located in the first 

of the eight positions in the randomized sequence and the TTG triplet located 

immediately in front of the ZEGFP fusion protein-encoding sequence (Figure 12). 

DNA sequencing of more than hundred ExLib2 clones (see section 5.3.5) revealed 

SD-like sequence regions within the randomized window in many of the ExLib2-High 

and –Opt clones. The SD core motif GGAG and GAGG, commonly seen in highly 

expressed genes in the E. coli strain K-12 (Ma et al., 2002), was present in the 

majority of ExLib2-High and –Opt clones (Table 3) but was less frequent in the 

ExLib2-Medium and ExLib2-Low clones (data not shown). Mass spectrometry 

analyses of IgG-affinity purified proteins from three Opt clones showing the highest 

fluorescence intensity values (ExLib2-Opt1, ExLib2-Opt4, ExLib2-Opt7) and two of 

the ExLib2-High clones (ExLib2-High1 and ExLib2-High5) showed molecular 

masses consistent with translational starts at the second alternative initiation codon. 

This was further confirmed for the ExLib2-Opt7 clone by N-terminal sequencing of 

the purified protein. Mass spectrometry analyses of the ExLib2-High3, a clone 

containing no apparent SD-like sequence within the randomized window, instead 

showed a molecular mass corresponding to an N-terminal extension with a 

translational start at the first initiation codon. This clone resulted in approximately 3-

fold higher soluble product levels than the reference clone pBR-TrpL-ZEGFP 

according to flow cytometric measurements and evaluation of IgG affinity purified 

protein. These results showed that increased soluble product protein levels relative to 

the reference both with and without an N-terminal extension could be found in the 

ExLib2 library. Nevertheless all the ten ExLib2-Opt clones investigated contained 
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SD-like sequences and mass spectrometry analysis of three of them indicated a 

translational start from the second alternative start position. It thus appeared to be 

more efficient for the soluble production of ZEGFP to provide the expression vector 

with a new RBS than to N-terminally extend the product protein with additional 

amino acids. If this was due to factors related to for example mRNA secondary 

structures, the nucleotide composition of the SD sequence, the distance between the 

SD sequence and the start codon or from cooperative effects from two SD sequences 

remains to be investigated.  

 
 

Table 3. Listing of some characteristics for a selection of clones from ExLib1 and ExLib2(a)
. 

______________________________________________________________________________________________ 

Clone ID          Sequence (5´-3´)(b)          Start(c)    RelPCd)      RelF(e)    

_______________________________________________________________ 
 
ExLib1-Low8   ATGAAAGCGATCTTCGTGCTGAAG  nd        
ExLib1-Low9   ATGAAGGCCATATTCGTGCTCAAA  nd 
ExLib1-Low2   TTGAAGGCAATATTCGTCCTCAAA  nd 
 
ExLib1-High3   ATGAAAGCAATATTCGTATTAAAG  nd 
ExLib1-High2   ATGAAAGCTATTTTTGTACTCAAG  nd 
ExLib1-High1   ATGAAAGCCATCTTCGTGTTAAAG  nd 
 
ExLib1-Opt9     ATGAAAGCAATATTCGTACTCAAG     1:st      1.1      4.3 
ExLib1-Opt10    ATGAAAGCAATCTTTGTCTTGAAA     1:st      1.3      4.0 
ExLib1-Opt3     ATGAAAGCAATATTCGTGTTGAAG     1:st      1.3      3.0 
 
ExLib2-Low4   ATGGTGTGGGGTAGGGAGCATCAG  nd 
ExLib2-Low1   TTGGGGGGTACGCGGGGTCAGGCT  nd 
ExLib2-Low7   ATGGCGGCTACGTCGAAGCCGGTG  nd 
 
ExLib2-High3   ATGAAGAATAGGTCGACGCAGCAG     1:st      1.3      2.7 
ExLib2-High1   ATGTTTAAGGGGGGGGAGGGGGTT     2:nd 
ExLib2-High5   ATGTTGGCGGCGATTGAGGGGAAG     2:nd 
 
ExLib2-Opt7   ATGGTGGATGGTCTGAAGAGGGGG     2:nd      2.7     15.8 
ExLib2-Opt1    ATGAGTGATCCTAGTAGGAGGGGG     2:nd      1.6      5.5 
ExLib2-Opt4    ATGAGTAGTCAGGGGTTGAGGAGT     2:nd      1.0      4.7 
ExLib2-Opt5     ATGACGTAGCATCTGAATAAGGAG     nd 
ExLib2-Opt6     ATGTAGGTGAAGATGGGGGAGGTT     nd 
ExLib2-Opt10     ATGGGTAGGGCCGTGAGGAGGAG     nd 
ExLib2-Opt9     ATGCGGGAGCGTGAGACGGGGGAG     nd 
ExLib2-Opt3     ATGAAGACGTCGCGGGGGGAGTAG     nd 
ExLib2-Opt8     TTGGCGAAGGGGAAGTTGATGATG     nd 
ExLib2-Opt2     TTGAATTGGAGGAAGGTGAGGGAG     nd 
_________________________________________________________________________________________________ 
(a) Clones within each group are listed according to their mean fluorescence intensity values 
as measured by flow cytometry (first=highest fluorescence); (b) Sequences of the 24 
nucleotide windows subjected to the variegation. Putative SD sequences are indicated in 
bold for clones of which purified protein products was analyzed by mass spectrometry. The 
sequence giving the highest number of continuous bases complementary to the CCUCC 
core of the E. coli anti-SD sequence ACCUCCUUA is shown (Chen et al., 1994); (c) The 
nomenclature 1:st and 2:nd, refers to a translational start at the first start codon (A/T)TG or 
the second start codon TTG; (d) RelPC is the relative plasmid copy number for a given 
clone (mean values from triplicate experiments); (e) RelF is the relative fluorescence 
intensity for a given clone (mean value from triplicate experiments), determined by flow 
cytometry. 
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Investigation of the relative plasmid copy number for ExLib2-High3, ExLib2-Opt1 

and ExLib2-Opt4 using real-time PCR suggested no significant contribution to 

increased product levels from gene dosage (Table 3). However, the same analysis 

performed on the ExLib2-Opt7 construct showed an approximately 2.7-fold higher 

copy number than the reference construct pBR-TrpL-ZEGFP. The relative 

fluorescence intensity (i.e. the fluorescence intensity value for a clone compared to 

the fluorescence intensity value of the pBR-TrpL-ZEGFP reference clone) observed 

for the ExLib2-Opt7 clone was about 3-fold higher than observed for the ExLib2-

Opt1 and ExLib2-Opt4. Thus the elevated soluble product levels and higher relative 

fluorescence intensities of the ExLib2-Opt7 clone probably was a result of both 

library sequence-related effects and a gene dosage effect. The fluorescence intensity 

property of the clone was also retained when a DNA fragment corresponding to the 

randomized window and the Z protein encoding gene was transferred to a reference 

vector backbone that had not been subjected to flow cytometric sorting, indicating that 

the explanation for the increased product levels could be specifically related to the 

studied sequence region. 

 

5.4 Exploring the use of ExLib2 for production of heterologous proteins 
in E. coli (IV) 
After the successful isolation of expression vector variants yielding highly improved 

soluble production of the small protein Z, a logical following investigation was to 

explore the possibility of using the same strategy for larger heterologous proteins 

proven difficult to produce in a soluble form in E. coli. Hence, the gene for DntR 

originating from the bacterial Burkholderia sp. strain DNT, the gene for the human 

progesterone receptor ligand binding domain (PR-LBD) and the human 11β-

Hydroxysteroid dehydrogenase type I gene (11β) (devoid of the portion encoding the 

N-terminal transmembrane segment) were individually cloned to replace the Z 

encoding sequence in ExLib2 (Figure 12). DntR is a transcriptional regulator 

controlling transcription of enzymes involved in degradation of 2,4-dinitrotoluene 

(2,4-DNT), a compound used in the manufacture of e.g. pesticides and explosives 

(Smirnova et al., 2004). DntR has been postulated to be useful in biosensor 

applications for detection of 2,4-DNT. The nuclear progesterone receptor is a ligand-

activated transcription factor regulating a variety of biological processes (Robin-

Jagerschmidt et al., 2000). 11β-Hydroxysteroid dehydrogenase type I is an 
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intraluminally oriented, glycosylated endoplasmatic reticulum (ER)-bound enzyme 

catalyzing the conversion of cortisone to hormonally active cortisol (Elleby et al., 

2004). Both the latter proteins are of interest for pharmaceutical applications. Flow 

cytometric screening and sorting of cell cultures corresponding to the three libraries 

was performed with the aim to isolate expression vector variants yielding improved 

soluble protein production. 

 

5.4.1 Construction of vectors and expression vector libraries 
The three target gene sequences were cloned into the pre-existing ExLib2 library by 

replacing the excised Z encoding gene sequence (Figure 12 and 19). The ExLib2-

DntR library was constructed to encode a hexahistidine (His6) peptide extension in the 

C-terminal of DntR. 

 

 

 
 

Figure 19. Schematic representation of the strategy used for cloning of the target protein encoding 
genes into the ExLib2 expression vector library and reference constructs. The block diagram of the 
expression cassette shows (i) the E. coli lac promoter (Plac), (ii) the E. coli trp operon-derived SD 
sequence (SDtrp), (iii) the gene sequence corresponding to either the eight first amino acids of the wild 
type TrpL peptide (Yanofsky et al., 1981), Met variant vector, or the corresponding variegated 
sequence window of any library member from ExLib2 (LIB).  

 

 

A reference plasmid pBR-TrpL-DntR-EGFP, identical to the earlier described pBR-

TrpL-ZEGFP vector but encoding DntR-His6 instead of protein Z (Figure 12), was 

constructed. In addition, cloning of two reference plasmids, pBR-Met-PR-LBD-EGFP 

and pBR-Met-11β-EGFP, encoding PR-LBD and 11β in fusion to EGFP and with the 

TrpL replaced with a single methionine (ATG) was performed. 



 59

Early sorting experiments of library cell cultures led to isolation of cells with high 

fluorescence predominantly containing Z encoding vector variants. One reason for 

this could have been an incomplete removal of sequences corresponding to Z during 

the library cloning work. In an effort to overcome this problem, library plasmid pools 

were digested in a restriction site unique for the sequence of Z prior to a re-

transformation. Electroporation into E. coli resulted in libraries with sizes of 5 x 106, 4 

x 107 and 5 x 107 transformants for ExLib2-DntR, ExLib2-PR-LBD and ExLib2-11β, 

respectively. 
 

5.4.2 Flow cytometric sorting of libraries 
Cell cultures corresponding to plasmid libraries ExLib2-DntR, ExLib2-PR-LBD and 

ExLib2-11β and reference constructs pBR-TrpL-DntR-EGFP, pBR-Met-PR-LBD-

EGFP and pBR-Met-11β-EGFP, respectively, were induced and grown 16-20 h in 

shake flasks at 25 (DntR clones) or 30°C.  
 

 
Figure 20. (A) Histogram from flow cytometric analyses of ExLib2-DntR before sorting (filled black) 
and the pBR-TrpL-DntR-EGFP reference clone (grey contour). (B) Histogram from flow cytometric 
analyses of the ExLib2-PR-LBD library before sorting (filled black) and the pBR-Met-PR-LBD-EGFP 
reference clone (grey contour). (C) Histogram from flow cytometric analyses of the ExLib2-11β library 
before sorting (filled black) and the pBR-Met-11β-EGFP reference clone (grey contour). 
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Harvested cells were washed and analyzed for whole cell fluorescence in a flow 

cytometer. All three libraries showed wider distribution in whole cell fluorescence 

than corresponding reference clones (Figure 20). 

For isolation of individual library clones showing higher whole cell fluorescence than 

the reference clones, flow cytometric sorting of the ExLib2-DntR, ExLib2-PR-LBD 

and ExLib2-11β libraries was performed in one, two and four consecutive sorting 

rounds, respectively. Between the flow cytometric sorting rounds, the library clones 

were re-cultured according to the previously used protocol. In the initially applied 

sorting strategy, gates were set over a wide fluorescence intensity region to isolate all 

cells displaying fluorescence intensity above a given value. Despite optimization of 

the library cloning protocol, this strategy still resulted in isolation of clones 

predominantly containing Z encoding vector constructs. In addition, some clones that 

indeed were presumed (from initial PCR screening efforts) to contain desired target 

gene encoding vectors later were shown to produce an EGFP product variant with a 

molecular weight corresponding to ZEGFP variant proteins, as determined by western 

blot and mass spectrometry analysis. A hypothesis that possibly could explain these 

results would be that some of the clones in the library contained more than one 

plasmid construct variant. To increase the number of cells harbouring solely desired 

library vectors in the sorted library pool, a second sorting strategy was applied where 

gates were set to a fluorescence intensity interval that would include the top 

fluorescent library population, but would exclude clones with fluorescence values in 

parity with values observed for the pBR-TrpL-ZEGFP clone. Further more, in later 

PCR screening of colonies of sorted library cells (ExLib2-PR-LBD and ExLib2-

11β) the screening was performed to both identify gene inserts of correct lengths and 

to exclude any presence of Z encoding sequences. Results from flow cytometric 

analysis of some of the most fluorescent re-cultured individual library clones selected 

from each of the finally sorted library pools are shown in Figure 21. The highest 

increase in whole fluorescence intensity compared to corresponding reference clone 

was estimated to be 1.7, 12 and 4.3-fold for the individually investigated ExLib2-

DntR, ExLib2-PR-LBD and ExLib2-11β clones, respectively. 
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Figure 21. Histograms from flow cytometric analyses of finally sorted and individually re-cultivated 
ExLib2-Target protein clones (black contours, indexed by clone designations) and the corresponding 
reference clones (grey contour). (A) Four of the finally sorted and re-cultivated ExLib2-DntR library 
clones and the pBR-TrpL-DntR-EGFP reference clone. (B) Four of the finally sorted and re-cultivated 
ExLib2-PR-LBD library clones and the pBR-Met-PR-LBD-EGFP reference clone. (C) Two of the 
finally sorted and re-cultivated ExLib2-11β library clones and the pBR-Met-11β-EGFP reference 
clone.  

 

5.4.3 Protein production analysis 
To verify the relative cellular content of soluble product protein estimated by flow 

cytometry, fractions from lysed shake flask cultures corresponding to the pBR-TrpL-

DntR-EGFP, pBR-Met-PR-LBD-EGFP and pBR-Met-11β-EGFP reference clones 

and the selected ExLib2-DntR, ExLib2-PR-LBD and ExLib2-11β library clones were 

investigated by SDS-PAGE and western blot analysis. In two separate western blot 

experiments of soluble fractions using either an anti-GFP or an anti-polyhistidine 

primary antibody, product bands with a molecular weight corresponding to DntR-

EGFP protein variants (64.6 kDa) could be spotted for both the pBR-TrpL-DntR-

EGFP reference clone and the ExLib2-DntR clones (Figure 22A and B). However, in 

a corresponding western blot analysis carried out on both soluble and insoluble 

fractions of pBR-Met-PR-LBD-EGFP and pBR-Met-11β-EGFP reference clones and 
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ExLib2-PR-LBD and ExLib2-11β library clones, only product bands of expected 

length (59 kDa) could be identified for the insoluble fractions of three of the ExLib2-

PR-LBD clones (Figure 22C). This is a confusing result since relatively high whole 

cell fluorescence values were detected for these clones. As outlined above (section 

2.4.1.1), whole cell fluorescence observed by cells producing a protein fused to GFP 

previously has proven to reflect the soluble content of this protein in the cell 

(Hedhammar et al., 2005b; Waldo et al., 1999). On the contrary, inclusion bodies 

containing GFP fusion proteins have been reported to be fluorescent by others 

(Garcia-Fruitos et al., 2005). Experiments performed so far in this study (IV) do not 

reveal if the ExLib2-PR-LBD variant proteins are soluble or insoluble within the cell 

during flow cytometric analysis. Nevertheless, the total content of PR-LBD product 

protein produced by these clones was clearly higher than what was observed for the 

reference pBR-Met-PR-LBD-EGFP clone. 

 

 

 
 
Figure 22. Analysis of sorted library clones, reference clones and reference cells by western blotting. 
(A and B) Analysis of soluble fractions of the pBR-TrpL-DntR-EGFP reference clone and sorted 
ExLib2-DntR clones (as indicated) by western blotting using an anti-GFP primary antibody (A) and an 
anti-polyhistidine primary antibody (B). (C) Analysis of soluble (S) and insoluble (I) fractions of 
cultures corresponding to the pBR-Met-PR-LBD reference clone, sorted ExLib2-PR-LBD library 
clones and plasmid-less host cells (Ref cells) (as indicated) by western blotting using an anti-GFP 
primary antibody. A full range Rainbow marker with indicated molecular weights is shown to the left 
on two of the panels (A and C). 
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For all the investigated DntR clones as well as the pBR-Met-11β-EGFP reference 

clone, one of the ExLib2-11β clones and two of the ExLib2-PR-LBD clones a protein 

product with an approximate molecular weight of 30 kDa was identified in the soluble 

fraction (Figure 22). This protein product was possibly a result of proteolysis. 

In an additional experiment, a stop codon was genetically introduced into the ExLib2-

DntRc50 and pBR-TrpL-DntR-EGFP vectors between the sequences encoding DntR-

His6 and EGFP. Results from western blot analysis (anti-GFP primary antibody) of 

soluble fractions of cell cultures from duplicate experiments showed distinct bands for 

the ExLib2-DntR-c50stop-EGFP clone with an estimated molecular size within a 

range corresponding to DntR library variants (approximately 64-65 kDa). 

Noteworthy, no protein product could be identified in any of the duplicate samples 

corresponding to the pBR-TrpL-DntRstop-EGFP clone. 

 

5.4.4 Analysis of individual library clones   
The result from DNA sequencing of library member sequences in the selected library 

clones is presented in table 4. As was previously observed for Z-EGFP encoding 

vectors isolated from ExLib2, also here several sequences showing complementarity 

to the anti-SD sequence (ACCUCCUUA) were identified. In some of the library 

member sequences a third potential initiation codon (ATG), located in the same 

translation reading frame as the gene encoding EGFP, were present. Nevertheless, 

experiments for determination of the actual translation start sites in these clones have 

so far not been performed. Interestingly, two of the ExLib2-DntR (c27 and c29) and 

two of the ExLib2-PR-LBD (c10 and c11) encoded identical sequences in the library 

member region. Calculation of CAI values for the 24 nucleotide library sequences 

presented in Table 4, resulted in values ranging between 0.2-0.3 and thus no bias 

towards frequently used codons in potentially translated library sequences was 

revealed. Mixed sequences were observed for some of the clones in the library 

member sequence (ExLib2-PR-LBD-c7, ExLib2-11β-c9 and the ExLib2-11β-c12), 

which in part was interpreted as a result of isolated library cells possibly harbouring 

more than one library vector variant. A conceivable solution to this could be to lower 

the plasmid DNA concentration utilized in the electroporation procedure. Another 

explanation for the mixed library sequences could be that during the library cloning 
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work in some cases two individual library vectors, both encoding 11β, re-ligated into 

one plasmid of double size. 

 
 

Table 4. Listing of DNA sequences of the ExLib2 library, reference clones and some of the isolated 
library clones discussed in the text. 
_______________________________________________________________________________________________________ 

Clone ID          Sequence (5’-3’) (1) 
_______________________________________________________________________________________________________ 
 
ExLib2 design           …AAGGGTATCGAGCTCTATGNNGNNGNNGNNGNNGNNGNNGCAAAGCTTG… 

                 T    T  T  T  T  T  T  T   

 
                                        

  MetLysAlaIlePheValLeuLysSerLeuMet 
pBR-TrpL-DntR-EGFP  …AAGGGTATCGAGCTCTATGAAAGCAATTTTCGTACTGAAAAGCTTGATGGC… 
 
ExLib2-DntR-c16  …AAGGGTATCGAGCTCTATGGGCTATGACGAGAAGGGGCGGCAAAGCTTGATGGC… 

ExLib2-DntR-c27  …AAGGGTATCGAGCTCTATGGGTATGCAGAAGCGGGGGGGTCAAAGCTTGATGGC… 

ExLib2-DntR-c29  …AAGGGTATCGAGCTCTATGGGTATGCAGAAGCGGGGGGGTCAAAGCTTGATGGC… 

ExLib2-DntR-c50  …AAGGGTATCGAGCTCTATGGGTACGAAGGGGAAGGCGGAGCAAAGCTTGATGGC… 

 

 
        MetGlnSerLeu 

pBR-Met-Target-EGFP  …AAGGGTATCGAGCTCTATGCAAAGCTTG… 

 
ExLib2-PR-LBD-c10  …AAGGGTATCGAGCTCTATGGAGACGGGGAATATGAAGCATCAAAGCTTGCCAGG… 

ExLib2-PR-LBD-c11  …AAGGGTATCGAGCTCTATGGAGACGGGGAATATGAAGCATCAAAGCTTGCCAGG… 

ExLib2-PR-LBD-c12  …AAGGGTATCGAGCTCTATGAAGGGGGTGCTGCCTATGTGTCAAAGCTTGCCAGG… 

___________________________________________________________________________________________________________ 

(1) Doubly underlined sequences or ATG triplets correspond to SD sequences (bold) or initiation 
codons, respectively, related to the basal vector design. Non-underlined, bolded sequences and singly 
underlined ATG triplets correspond to putative SD sequences and alternative initiation codons, 
respectively, present in the library sequences of sorted clones. The shaded ATG triplets in the 
sequences of ExLib2-DntR-c16, -c27, -c29 and -c50 clones correspond to a Met codon present early in 
the DntR target protein gene.  
 

 

5.4.5 Future library and sorting strategies 
A lot of the efforts put into this study were related to optimization of cloning work 

and flow cytometric sorting strategies, to avoid isolation of parental Z encoding vector 

constructs. Another approach to overcome this problem would be to create a 

completely new plasmid library, starting out with a library vector containing a DNA 

sequence with stop codons downstream of the randomized library region, which 

would prevent any translation down through the EGFP gene in vectors where this 

dummy fragment not would be successfully replaced. 
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Relatively high whole cell fluorescence values were detected for some of the ExLib2-

PR-LBD clones. Surprisingly, nearly all of the PR-LBD-EGFP protein from cell 

cultures corresponding to these clones was detected in the insoluble fraction in 

western blot analysis. So far in this study only sorting strategies gating for whole cell 

fluorescence has been applied. It would be interesting to use other gating alternatives, 

for example strategies based on properties related to deviations in FSC of the cells 

which earlier has been demonstrated to reflect the intracellular content of insoluble 

product protein (Hedhammar et al., 2005b). In this way flow cytometric sorting of 

library clones displaying both elevated whole cell fluorescence properties and 

simultaneously containing low amounts of insoluble product protein possibly could be 

performed.  
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6 CONCLUDING REMARKS 
Production of recombinant proteins will continue to be an important area also in the 

future. The many programs for structural and functional studies of the human 

proteome along with a great number of present and future applications in the 

biotechnology and pharmaceutical industry will guarantee a further demand. E. coli, 

with all its benefits, is a widely used host for production of recombinant proteins. 

Nevertheless, this expression strategy is not excluded from problems or limitations. 

Through the years, extensive work has been dedicated to overcome problems 

associated with production of heterologous proteins as well as to simplify purification 

of the target protein from host cell contaminants. In the investigations presented in 

this thesis, rational and combinatorial genetic engineering strategies were employed 

with the objective to improve and facilitate E. coli protein production and purification. 

The rational genetic engineering strategy (I), including design and genetic fusion of 

peptide tags to the C-terminal end of the lipase cutinase for enhanced top-phase 

partitioning in ATPSs proved successful, in that for example the (WP)4 peptide 

conferred up to 70-fold increases in the partitioning coefficient of the target protein. 

C-terminal tagging of cutinase with the (WP)4 peptide to achieve improved 

partitioning properties has recently been shown valuable also in a number of other 

ATPSs (Berggren et al., 2000b; Cunha et al., 2003; Kepka et al., 2005; Nilsson et al., 

2002). However, somewhat lower product protein expression levels were later 

observed in both E. coli and yeast, due to the presence of the (WP)4 tag.  

The combinatorial phage display library approach used for identification of peptide 

tags suitable for tagging of cutinase aiming at the same purpose (II), instead revealed 

tyrosine residues in combination with proline residues as candidate amino acid 

combinations in target protein peptide fusions. In addition to observed partitioning 

coefficients, comparable to what was seen for the ZZ-cutinase-(WP)4 protein, cutinase 

fused to different tyrosine containing peptide variants also showed two- to four-fold 

higher product protein expression levels in  E. coli. Previously, higher production 

levels of the tyrosine tagged fusion protein compared to the untagged wild-type 

protein (GFPuv) was notified (Fexby et al., 2004). Using phage display as a selection 

tool for top-phase preferring peptides, assumed that each investigated peptide would 

be efficiently produced and secreted as well as assembled into the phage coat as fused 
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to pVIII. Consequently, in addition to peptide properties desirable for aqueous two-

phase partitioning, probably also properties related to protein production parameters 

was included in the selection.  

Combinatorial randomization strategies were also employed for creation of the two 

expression vector libraries (III), ExLib1 and ExLib2. EGFP was used as a reporter of 

soluble product protein production to enable efficient flow cytometric analysis and 

sorting of cell cultures corresponding to the libraries. Clones with up to 4-fold and 24-

fold increases in ZEGFP protein production could be isolated from ExLib1 and 

ExLib2, respectively. Many earlier studies had shown that several different mRNA 

sequence-related features influence protein production in E. coli. In ExLib1, where 

the TrpL sequence had been silently variegated, codon bias effects in the first and 

second position of the translated sequence seemed to explain the increased production 

levels. In ExLib2, several of the clones giving rise to high protein production levels 

encoded putative SD sequences in the randomized library sequence and in three of the 

clones translation was suggested to initiate from the downstream located second 

alternative start codon.  

When the same expression vector library concept, including flow cytometric sorting, 

was tested for three heterologous proteins proven difficult to express, increased 

product yields were observed for two of them, although one of them solely was 

identified as insoluble product protein. A large part of this work (IV) was dedicated to 

optimization of sorting strategies for elimination of background clones, i.e. parental Z 

encoding library vectors. In future work, target genes could instead be cloned into a 

plasmid library pool constructed in a vector containing a dummy fragment, which 

would preclude translation through the EGFP gene if this fragment not would be 

properly replaced. In this way a more offensive gating strategy, with regard to 

fluorescence intensity, could be applied. In addition, strategies where cells displaying 

highly elevated whole cell fluorescence intensities in combination with low scattering 

in forward detected light, should increase the chances of isolating clones yielding 

improved soluble production levels of some proteins difficult to express. Another 

library approach based on the same combinatorial principal, could be to PCR amplify 

a particular target gene using an oligonucleotide with an overhang encoding the 

randomized library sequence following a restriction site. The PCR product could then 
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easily be cloned into any suitable expression vector and protein production could be 

optimized for any desired cultivation conditions. 

Rational genetic engineering approaches have the potential to be more valuable as the 

knowledge about proteins becomes greater, providing a better base for predictions 

regarding structure/function relationships. Nevertheless, the complexity of nature does 

not always allow an adequate understanding of which parameters and in what manner 

they should be modified. In combinatorial approaches, as is the case for expression 

optimization, a multitude of parameters are simultaneously addressed and a candidate 

with the most positive net effect will be selected. Combinatorial library strategies will 

in combination with efficient screening systems surely continue to be an important 

tool for providing rapid solutions to future biotechnological challenges. 
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ABBREVIATIONS 
 

ATPS  Aqueous two-phase system 

CAI  Codon adaptation index 

cDNA  Complementary DNA 

DNA  Deoxyribonucleic acid 

EBA  Expanded bed adsorption 

E. coli  Escherichia coli 

EGFP  Enhanced green fluorescent protein 

EOPO  Ethylene oxide-propylene oxide 

ER  Endoplasmatic reticulum 

FACS  Fluorescence activated cell sorter 

FSC  Forward scattered light 

GFP   Green fluorescent protein 

GST  Glutathione-S-transferase 

HIC  Hydrophobic interaction chromatography 

His6  Hexahistidine tag 

HPLC  High performance liquid chromatography 

IEC  Ion exchange chromatography 

IgG  Immunoglobulin G 

IMAC  Immobilized metal ion affinity chromatography 

IPTG  Isopropyl β-D-1-thiogalactopyranoside 

K  Partitioning coefficient 

LDH  Lactate dehydrogenase 

MBP  Maltose binding protein 

MLFTPP Macro-affinity ligand facilitated three-phase partitioning 

mRNA Messenger ribonucleic acid 

NusA  N-utilization substance A 

PCR  Polymerase chain reaction 

PEG  Polyethylene glycol 

PI  Partitioning improvement 

PR-LBD Progesterone receptor ligand binding domain 

pIII  Phage coat protein three 
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pVIII  Phage coat protein eight 

RBS  Ribosomal binding site 

RPC  Reversed phase chromatography 

rRNA  Ribosomal ribonucleic acid 

RSCU  Relative synonymous codon usage 

SD  Shine-Dalgarno 

SDS-PAGE Sodium dodecylsulfate polyacrylamide electrophoresis 

SEC  Size exclusion chromatography 

SSC  Side scattered light 

STII  Heat-stable enterotoxin II 

TEF  Tag efficiency factor 

TEV  Tobacco etch virus NIa Proteinase 

TPP  Three-phase partitioning 

tRNA  Transfer ribonucleic acid 

w  Relative adaptiveness of a codon 

wt  wild-type 

11-β  11-β-Hydroxysteroid dehydrogenase type I 
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