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Up to now, the human complement factor 5a (C5a) has only been produced in small quantities in 
Escherichia coli in a soluble, bioactive conformation, which is not suitable for commercial production 
systems. This stems from the extremely high instability of C5a, as well as its aggregation-prone nature. 
Therefore, we analyzed several different methods for optimizing the solubility and biological activity of 
C5a produced by E. coli. The solubility of C5a was efficiently improved by expressing it as a 
glutathione-S-transferase (GST) fusion protein and, to a lesser extent, by lowering the cultivation 
temperature. Neither reducing the inductor concentration (isopropylthio-β-galactoside, IPTG) of the 
T7lac promotor nor the concomitant overexpression of endogenous chaperones was effective. 
However, the biological activity of the protein was improved by the overexpression of chaperones 
together with cultivation at 22°C, while fusion to GST slightly reduced its activity. Consequently, low 
cultivation temperature and the overexpression of chaperones seem to be the optimal strategy for 
expression of appropriate amounts of soluble and functional C5a. These findings should be the basis 
for the transfer to large-scale fermentation. Using C5a as an example, we showed that strain 
engineering in combination with specific cultivation conditions improve the production of difficult-to-
express proteins in appropriate amounts and in a functional conformation facilitating the commercial 
manufacturing under good manufacturing practices (GMP) conditions. 
 
Key words: Complement factor 5a (C5a), Origami 2, BL21, periplasm, cytoplasm, chaperones, Glutathione-S-
Transferase (GST), temperature. 

 
 
INTRODUCTION 
 
Sepsis is one of the top 10 causes of death worldwide 
(Dombrovskiy et al., 2007; Parrish et al., 2008). Despite 
medical treatments in intensive care the mortality of 
sepsis  patients  units   remains   high,   exceeding    70%  
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Abbreviations: SDS-PAGE, Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; PVDF, polyvinylidene 
fluoride; BSA, bovine serum albumin; TMB, 
tetramethylbenzidine; RBL, rat basophilic leukemia; ELISA, 
enzyme-linked immunosorbent assay; TSP, total soluble 
proteins. 

(Cohen, 2009; Riedemann et al., 2003). The human 
complement factor 5a (C5a) as potent mediator of the 
innate immune response to infection, has been 
characterized as a 'key' mediator of sepsis and septic 
organ dysfunction (Czermak et al., 1999; Huber-Lang et 
al., 2001; Niederbichler et al., 2006; Riedemann et al., 
2002; Rittirsch et al., 2008). Though not directly 
interacting with bacteria, C5a is a chemoattractant with 
pleiotropic functions which is involved in the recruitment 
and activation of broad range of inflammatory cells (Guo 
and Ward, 2005; Klos et al., 2009). 

Inhibition of C5a mediated responses by blockade of 
C5a (Czermak et al., 1999; Flierl et al., 2009; Huber-Lang 
et al., 2001; Huber-Lang et al., 2002) or the C5a-receptor 
(Crane and Buller, 2007; Riedemann et al., 2002; Rittirsch  
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et al., 2008) has been shown to prevent multiple organ 
failure. Therefore, interception of C5a by antibody-based 
medications might be a worthwhile strategy - among 
others - to ameliorate the fatal outcome in septic patients 
and improve survival rates (Parrish et al., 2008; Ricklin 
and Lambris, 2007; Ward, 2008; Ward and Gao, 2009). 
The development of these biotherapeutics requires the 
efficient production of large quantities of soluble, 
functionally active C5a, which can be used for antibody 
production. 

Recombinant methods for the generation of human 
proteins in bacteria, especially Escherichia coli, have 
been studied intensively over the last decade. Currently, 
30% of approved biotherapeutics are produced in E. coli 
(Ferrer-Miralles et al., 2009). Therefore, there is a large 
body of knowledge about the basic molecular genetics 
and microbial physiology of E. coli that can be efficiently 
translated into practical applications at the process level 
(Schumann and Ferreira, 2004). 

Most human proteins accumulate in inclusion bodies 
when expressed in E. coli, which is a major constraint of 
the production platform (de Marco et al., 2007). This is 
also true for C5a, and several attempts to produce C5a in 
a soluble conformation have failed (Bautsch et al., 1992; 
Franke et al., 1988; Mandecki et al., 1986; Mollison et al., 
1987). A recombinant form of C5a was recovered from 
inclusion bodies by denaturation and refolding. However, 
the isolation of proteins from inclusion bodies is laborious 
and cost-intensive, impeding large-scale industrial 
production. Furthermore, resolubilization procedures may 
not fully restore the folding of the protein, thereby 
reducing its effective function. Consequently, further 
investigations to identify economically efficient expression 
systems of C5a are critical. 

For the commercial production of protein therapeutics, 
the fermentation usually starts in a laboratory-scale 
bioreactor to identify suitable growth and protein 
expression conditions. These conditions are then used to 
establish optimal parameters for the final manufacturing 
scale in order to reach high productivity (Huang et al., 
2012). Thus, using C5a as a model, we used a screening 
process to identify central parameters for the expression 
of difficult-to-express proteins. In order to obtain large 
quantities of C5a in the desired soluble conformation, the 
impact of a broad spectrum of expression approaches as 
well as different combinations of approaches was 
analyzed. 

First, we investigated the expression of C5a in an 
oxidizing environment, the cytoplasm of the E. coli strain 
Origami 2. Second, C5a was targeted to the periplasm of 
E. coli BL21, a strain that is commonly used for the 
overexpression of recombinant proteins. In addition, we 
promoted transgene expression through the concomitant 
overexpression of peri- and cytoplasmic chaperones, 
respectively. Further, C5a was fused to Glutathione S-
Transferase (GST) from Schistosoma japonicum, as a 
representative   of   solubility    enhancing    tags.   These  

 
 
 
 
strategies were combined with the adaptation of the 
expression conditions, such as lowering the cultivation 
temperature and decreasing the inductor concentration. 

In addition to the N-terminal fusion tags (His-tag or 
GST-His-tag), which can be removed by proteolytic 
digestion, a C-terminal histidine residue was fused to C5a 
in all constructs for the following reasons: (i) C5a is in 
vivo subjected to a serum peptidase, which inactivates 
C5a by the removal of the C-terminal arginine residue 
(Mollison et al., 1989). Since a sequence of at least five 
charged amino acids at the C-terminus protects the 
recombinant protein efficiently from degradation 
(Novagen pET system manual), the C-terminal His-tag 
may protect recombinant C5a from proteolytic 
degradation as observed for unmodified C5a expressed 
in E. coli (Mollison et al., 1987). (ii) According to the 
manufacturer (Novagen pET system manual), the two 
His-tags improve the downstream purification efficiency in 
order to gain pure recombinant protein, free of endotoxin 
and other bacterial contaminations, required for GMP 
compliance. (iii) His-tags enable the site-specific 
PEGylation (Cong et al., 2012) and the C-terminus of 
C5a would be most likely amenable for PEGylation, since 
- being responsible for receptor activation - it is exposed 
to the surface of the protein (Mollison et al., 1989). 
PEGylation is a clinically proven strategy to increase the 
circulation half-life of protein-based medicines (Cong et 
al., 2012). Since the efficacy of protein-based agents can 
be compromised by their rapid clearance from the blood 
circulatory system (Cong et al., 2012), PEGylated C5a 
may be more suitable for the production anti-C5a-
antibodies. Nonetheless, the His-tag might interfere with 
the functionality of the C-terminal receptor binding 
(Mollison et al., 1989). However, this disadvantage might 
be compensated by a second immunodominant binding 
domain located between amino acids 20 to 40 that has 
proven to be sufficient to accomplish receptor binding 
(Johnson et al., 1987; Kola et al., 1999). 

Although the experiments were done under laboratory-
scale conditions, the basic findings may be relevant for 
large-scale fermentation of C5a under commercial good 
manufacturing practice (cGMP). 
 
 

MATERIALS AND METHODS 
 

Construction of the expression plasmid and overexpression 
strains 
 

Based on the amino acid (aa) sequence of the human complement 
factor C5a, a cleavage product of the precursor protein C5 (Acc. 
No.: P01031|678aa – 751aa), a synthetic C5a coding sequence 
was designed with the optimal codon usage for E. coli (Figure 1b). 
The C5a cassette was integrated in frame into the vector pET28a 
(Novagen) by EcoRI/XhoI and into the vector pET41a by MunI/XhoI 
digestion. The pET28a vector carries an N-terminal His-
Tag/thrombin/T7-Tag and a C-terminal His-Tag. The pET41a vector 
contains an N-terminal 220 aa GST-fusion as well as a His-
Tag/thrombin element and a second C-terminal His-Tag. To target 
the   human   proteins  to  the  periplasm,  the  upstream  N-terminal  
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Figure 1. (A) Schematic representations of the constructs used to express the C5a gene. Both vector backbones 
harbor a kanamycin resistance gene and the pBR322 origin of replication. GST™-Tag: glutathione S-transferase 
(220 aa) from Schistosoma japonicum; His-Tag: 6 histidine residues; T7-Tag®: the first 11 aa of the gene 10 protein 
from the T7-phage; phoA: periplasmic targeting signal from the E. coli alkaline phosphatase; Thrombin: 6 aa 
comprising the thrombin protease cleavage site. C5a (76 aa) synthetic, codon-optimized gene sequences based 
upon the mature protein sequences; (B) Synthetic, codon-optimized coding region of the human C5 split-product 
C5a. 

 
 
 

coding portion of the pET28a vector was substituted by a codon-
optimized synthetic sequence for the 21 aa signal peptide of the 
alkaline phosphatase (phoA) from E. coli (Acc.-No.: AAA83893) 
using NcoI/EcoRI digestion. All constructs were expressed under 
the control of the inducible T7lac promotor and terminator. The 
constructs are shown in Figure 1a. 

The helper plasmids pBB540 and pBB5542, encoding the 
cytoplasmic chaperones DnaK/DnaJ/GrpE and GroEL/GroES, were 

generously provided by the workgroup of Prof. Dr. Bernd Bukau (de 
Marco et al., 2007). The vector pTUM4.1, expressing the 
periplasmic chaperones DsbA, DsbC, SurA and FkpA, was shared 
by the workgroup of Prof. Dr. Arne Skerra (Schlapschy et al., 2006). 
The combinations of different expression vectors and E. coli strains 
used in this work are listed in Table 1. 

Competent BL21 (DE3) and Origami 2 (DE3) cells (Novagen) 
were first transformed with the pET-vectors expressing  the  various 
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Table 1. Recombinant strains used in this work. 
 

Host strain Recombinant plasmids Fusion Tag 

Origami 2 pET28-C5a 
n- & c-terminal His Tag  

T7-Tag 
   

L21 pET28-C5a 
n- & c-terminal His Tag 

T7-Tag 
   

BL21 pET28-phoA-C5a c-terminal His-Tag 

BL21 
pET28-C5a n- & c-terminal His Tag 

pBB540/pBB542 T7-Tag 
   

BL21 
pET28-phoA-C5a 

c-terminal His-Tag 
pTUM4.1 

   

BL21 pET41-GST-C5a 
n-terminal GST-Tag 

n- & c-terminal His-Tag 
 
 
 

target genes by electroporation. The resulting recombinant strains 
were subsequently transformed using the helper plasmids 
pBB540/pBB542 or pTUM4.1. Cells were always grown in the 
presence of appropriate antibiotics to ensure the maintenance of all 
plasmids. 
 
 

Protein expression 
 

Single colonies from the transformed cells were used to inoculate a 
5 ml pre-culture of LB medium supplemented with the appropriate 
antibiotics. Liquid cultures were grown at 37°C with shaking at 220 
rpm overnight. A 1 ml aliquot of the pre-culture was then used to 
inoculate 100 ml of antibiotic-containing LB medium. The main 
cultures were incubated at 37°C with shaking at 220 rpm until they 
reached an OD600 of 0.5. For protein expression at 37°C, 1 mM 
isopropylthio-β-galactoside (IPTG) was added immediately, and 
cells were incubated at 37°C for 4 h. For protein expression at 
22°C, the cultivation temperature was changed from 37 to 22°C, 
and cells were allowed to acclimatise to the new temperature for 30 
min before 1 mM IPTG was added; the cells were then further 
grown at 22°C overnight. Overnight cell cultures were pelleted, the 
medium was removed, and the cell pellet was resuspended in the 
same amount of fresh medium supplemented with 200 μg/ml 
chloramphenicol. After a 2 h incubation of the culture at 22°C, the 
cultures were centrifuged and the pellet was stored at -28°C until 
harvest. 
 
 
Western blot analysis 
 
The frozen bacterial pellet was resuspended in 5 ml of lysis buffer 
(50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0), and 1 
mg/ml lysozyme was added to the suspension. The suspension 
was incubated on ice for 2 h with nutation, followed by a sonication 
in a water bath for 5 min. The cell debris was separated from the 
supernatant by centrifugation. Sodium dodecyl sulfate (SDS) 
sample buffer was added to both fractions, and a defined volume 
was boiled and loaded on a 15% Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Proteins were 
then transferred to polyvinylidene fluoride (PVDF) membranes for 2 
h at 1 mA/cm

2 
for Western blot analysis. The subsequent steps 

were performed at room temperature. Membranes were blocked 
with 5% non-fat dry milk in phosphate-buffered saline containing 
0.1% Tween-20 (PBST) overnight. Membranes were incubated with 

a 1:1,000 dilution (in PBST) of a mouse monoclonal anti-C5a 
antibody (Dianvova, Hamburg / Germany) for 2 h. Following a triple 
washing step with phosphate-buffered saline with Tween 20 
(PBST), the membranes were incubated with a 1:10,000 dilution of 
a peroxidase-conjugated goat monoclonal anti-mouse-IgG antibody 
(Dianova, Hamburg / Germany) for 2 h. After 5 washes with PBS, 
the probed proteins were visualized on Biomax Light film (Kodak, 
Sigma-Aldrich, Taufkirchen / Germany) with homemade 
chemiluminescent substrate (ECL solution I: 100 mM Tris (pH 8.5), 
2.5 mM luminol, 400 µM p-coumaric acid; ECL solution II: 100 mM 
Tris (pH 8.5), 5.4 mM H2O2. ECL solutions were mixed immediately 
before use). 
 
 

Enzyme-linked immunosorbent assay (ELISA) 
 

The cell lysates, supernatant and cell debris fraction used for the 
Western blot assay were also used in Bradford and enzyme-linked 
immunosorbent assays. The protein concentration was measured 
by the Bradford method (1976) using a Pierce reagent with bovine 
serum albumin (BSA) as the standard (Thermo Scientific, Bonn / 
Germany). The quantification of recombinant C5a was conducted 
with a commercial C5a-ELISA-Kit (Human Complement Component 
C5a DuoSet ELISA; R&D Systems, Cat.: DY2037) according to the 
manufacturer’s instructions. In brief, 96-well plates were coated with 
a mouse anti-human C5a-specific antibody at a final concentration 
of 1 µg/ml at room temperature (RT) overnight. Following 5 washes 
with 1xPBS containing 0.05% Tween-20, the plates were incubated 
with 100 µl leaf extract (at a suitable dilution) at RT for 2 h. After 
another washing step, the plates were incubated with the 
corresponding biotinylated detection antibody at RT for 1 h. After a 
washing step, the plates were hybridized with streptavidin 
conjugated to horseradish-peroxidase at RT for 30 min. Finally, the 
plate was incubated with the substrate tetramethylbenzidine (TMB) 
at RT for 15 min in the dark. The reaction was stopped with 250 mM 
sulfuric acid. Extinction was measured at 450 nm in Synergy HT 
multi-detection reader (Bio-Tek, Bad Friedrichshall / Germany). 
 
 
Determination of the biological activity of recombinant C5a 
 

A rat basophilic leukemia (RBL) cell-line transfected with human 
C5aR was used, which was developed by Ali et al. (1993). The 
bioassay for lysosomal enzyme secretion was conducted as 
described by Goldstein and Weissmann (1974). The RBL-C5aR-cell  



 
 
 
 

 
 

Figure 2. Western blot analysis of soluble (S) and insoluble 
(I) fractions of C5a expressed in the E. coli strains BL21 and 
Origami 2. 

 
 
 

line was incubated with recombinant ‘antigenic’ C5a. The amount of 
antigenic C5a was calculated on the basis of the C5a-specific 
ELISA, which detect the number of antigenic C5a per ml regardless 
the different molecular weight of the recombinant C5a or GST-C5a, 
respectively. Therefore, the concentration was determined as ng 
C5a equivalents per ml. Biologically active C5a induces the release 
of the enzyme N-acetyl-ß-D-glucosaminidase, which removes 4,5 p-
nitrophenolate from the substrate 4-nitrophenyl-N-ß-D-glucosamide. 
The photometric determination of the resulting concentration of 
nitrophenolate is used to calculate the concentration of biologically 
active recombinant protein. The concentration of recombinant 
antigenic protein that induced half-maximal enzyme release was 
defined as the EC50-value. 

 
 
RESULTS 
 
Comparison of E. coli (DE3) strains BL21 and 
Origami 2 as production systems 
 
The pET28C5a plasmid was introduced into the E. coli 
strains BL21 (lon

-
/ompT

-
) and Origami 2 (trxB

-
/gor

-
). To 

determine the effect of the oxidizing cytoplasm of the 
Origami 2 strain on the establishment of the disulfide 
bonds in C5a, the expression patterns in the 2 strains 
were compared by Western blot. When the genes were 
expressed by induction with 1 mM IPTG at 37°C for 4 h, 
the recombinant protein accumulated only in the insoluble 
fraction of the cell lysate in both strains (Figure 2, lanes 
I). However, the total amount of C5a produced was 
significantly higher in the BL21 strain. 

Because Origami did not lead to any improvement of 
protein solubility, we decided to conduct further investi-
gations  on  the  E. coli  BL21  strain  due  to  its  vigorous 

Nausch et al.         14689 
 
 
 
growth and higher expression level. 
 
 
Expression in the cytoplasm and periplasmic space 
of E. coli BL21 
 
To combine the superior growth kinetics of E. coli BL21 
with an oxidizing environment to ensure the correct 
folding of the intramolecular disulfide bonds, C5a was 
targeted to the periplasm. This translocation was 
accomplished by replacing the N-terminal His- and T7-
Tag in the corresponding pET28-C5a vector with the 
signal peptide from the endogenous alkaline 
phosphatase from E. coli (phoA). As shown in Figure 3 
(periplasm), this strategy had a negative effect on the 
expression of C5a. Neither soluble nor insoluble C5a was 
found in the whole cell extracts. 
 
 
Concomitant expression of cytoplasmic and 
periplasmic chaperones 
 
The effect of the concomitant overexpression of a set of 
cytoplasmic chaperones (DnaK, DnaJ, GrpE, GroES, and 
GroEL) and key periplasmic folding factors (DsbA, DsbC, 
SurA, and FkpA) was investigated. The corresponding 
plasmids were kindly provided by Prof. Dr. Bernd Bukau 
and Prof. Dr. Arne Skerra. 

The concomitant expression of the cytoplasmic 
chaperones had no effect on the expression of C5a in the 
cytoplasm (Figure 3; cytoplasm + C-chaperones); its 
accumulation in inclusion bodies remained unchanged. 
However, the direction of the protein into the periplasm, 
in combination with the coexpression of periplasmic 
folding factors, improved the yield of insoluble C5a 
without affecting the soluble fraction (Figre 3; periplasm + 
P-chaperones). 
 
 
Expression of C5a as a GST fusion protein  
 
To fuse GST to C5a, the plasmid pET41-GST-C5a was 
constructed. The GST tag had a beneficial impact on the 
expression pattern of C5a under standard cultivation 
conditions at 37°C (Figure 3; cytoplasm + GST). A 
significant solubilization of C5a was achieved, and the 
amount of C5a in the inclusion bodies was decreased. 
 
 

Influence of optimized cultivation conditions 
 

A well-known approach to limit the in vivo aggregation of 
recombinant proteins is cultivation at a reduced growth 
temperature. The lowering of the cultivation temperature 
from 37°C, which represents the optimal growth 
temperature for E. coli, 20 to 22°C, has been successful 
in many cases (de Marco et al., 2007). 

However, in case of C5a, the reduction of the cultivation 
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Figure 3. Western blot analysis of soluble (S) and insoluble (I) fractions of C5a expressed in the cyto- and periplasm of E. coli 
BL21 with and without the concomitant overexpression of the endogenous cytoplasmic chaperones DnaK, DnaJ, GrpE, 
GroES, and GroEL (C-Chaperones) or the periplasmic chaperones DsbA, DsbC, SurA, and FkpA (P-Chaperones) at 37°C and 
22°C, respectively. Additionally, C5a was expressed as a GST fusion in the cytoplasm. 

 
 
 

temperature had no significant effect on any combination 
of the different C5a expression strategies tested. A slight 
impact on the strain with improved chaperone status 
(Figure 3; Cytoplasm + C-Chaperones) was observed. At 
22°C, a reproducible but weak signal was detected in the 
soluble fraction, while no such signal was detected at 
37°C. Nevertheless, the total amount of C5a was reduced 
when cells were grown at 22°C. 

A further adaptation of the biosynthesis of the foreign 
protein to normal physiological expression rates can be 
achieved by reducing the inductor concentrations. 
Because the expression of all recombinant proteins is 
completely induced at concentrations above 0.4 mM 
IPTG, overexpression was stimulated with 0.1 mM 
instead of the conventionally used 1 mM IPTG, as 
proposed by de Marco (de Marco et al. 2007). However, 
reducing the inductor concentrations did not have any 
effect on the expression of human C5a (data not  shown). 

Quantification and evaluation of the biological 
activity of E. coli derived human C5a 
 
To measure the expression levels of soluble recombinant 
C5a, the fraction of total soluble proteins (TSP) was 
extracted from pellets of the cell culture by lysozyme 
digestion and centrifugation. The different fractions of the 
cell lysate were tested by corresponding C5a-specific 
ELISA, which detects the concentration of the 
recombinant antigenic protein regardless of the different 
molecular weight of C5a and GST-C5a, respectively. The 
ELISA data served as basis for the calculation of the 
concentration of recombinant antigenic protein - which 
was used in the bioassay - so that the difference in 
molecular weight had no impact. Therefore, the 
concentration was determined as ng C5a equivalents per 
ml. For the bioassay, a RBL cell line transfected with 
human C5aR was used. Upon binding of biological active  
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Table 2. Quantification of soluble antigenic C5a and GST-C5a, respectively, by ELISA and the evaluation of its biological activity. The 
commercial recombinant C5a (B&D Systems) has an EC50 value of 200.94 ng C5a equivalents /ml. 
 

BL21 strain 

Soluble C5a  Insoluble C5a (inclusion bodies) 

Portion of 
TSP (%) 

Biological activity EC50 value 
of C5a (ng C5a equivalents/ml) 

 Portion of 
TSP (%) 

Biological activity EC50 value 
of C5a (ng C5a equivalents/ml) 

pET28- C5a 0.23 279.63  1.07 935.17 

pET28- C5a +Chaperones 0.65 192.03  2.58 828.29 

pET41-GST-C5a 1.41 508.15  1.21 1356.58 

 
 
 
C5a to the receptor, the enzyme N-acetyl-ß-D-
glucosaminidase is released, which is quantified by 
addition of its substrate. The concentration of 
recombinant protein that induces a half-maximal enzyme 
release (EC50-value) was used to describe the biological 
activity. High concentrations of recombinant C5a 
necessary to induce the half-maximal response, 
correspond to low biological activity and vice versa. 

The highest yield of soluble complement factor was 
measured in the GST-C5a fusion, in which it made up 
1.41% of the TSP (Tab. 2). However, this chimeric 
protein had only limited biological activity in the 
corresponding assay, with an EC50-value of 508.15 ng/ml. 
In contrast, C5a obtained by the BL21 strain with the 
additional chaperone expression showed the best 
performance. Its activity, 192.03 ng/ml (Table 2), was 
equivalent to that of commercial recombinant C5a (B&D 
Systems) at 200.94 ng/ml. The yield accounted for 0.65% 
of the TSP. For comparison, the BL21 strain that 
expressed C5a protein without any helper elements had 
the lowest yield of soluble C5a, at 0.23% of TSP. Its 
biological activity (279.63 ng/ml) was lower than that of 
the standard. Insoluble fractions were also analyzed by 
ELISA and bioassays, as shown in Table 2. Comparing 
the insoluble fractions of the three strains, similar 
tendencies were recorded as observed for the soluble 
fraction. Insoluble C5a expressed using the chaperone-
assisted strategy showed the highest yield of aggregated 
recombinant protein (2.58%) and the highest biological 
activity (EC50 value of 828 ng/ml) of all insoluble fractions. 
The insoluble GST-C5a showed the worst functionality, 
with an EC50 value of 1356 ng/ml. Nevertheless, the 
biological activity of the inclusion bodies of the three 
strains was three to four times lower compared to the 
soluble counterpart. Even the insoluble fraction with the 
highest biological activity (828 ng/ml of the chaperone-
assisted strain) was inferior compared to the soluble 
fraction with the worst biological activity (508 ng/ml of the 
GST-C5a expressing strain). 
 
 
DISCUSSION 
 
Solubilization of recombinant protein produced in E. coli 
is often a  prerequisite  for  the  biological  activity  that  is 

necessary for therapeutic purposes. Therefore, an 
applicable and cost-efficient system for the production of 
C5a must focus on the development of a strategy to drive 
the expression in E. coli as a soluble and properly folded 
protein rather than an aggregated protein in the inclusion 
bodies. 

Because previous attempts to express C5a in the 
cytoplasm of E. coli using individual solubilization 
strategies failed to develop a heterologous expression 
system for C5a that suits commercial demands (Bautsch 
et al., 1992; Franke et al., 1988; Mandecki et al., 1986; 
Mollison et al., 1987), we hypothesized that a 
combination of a broad range of strategies might solve 
this problem. In order to identify crucial parameters that 
might improve the production of C5a in large-scale cGMP 
fermentation and under laboratory conditions, we 
evaluated a combination of several approaches (Table 3). 
According to Mollsion et al. (1989), post-translational 
modifications are essential for the constitution of C5a and 
its biological activity. More specifically, the correct 
crosslinking of the 3 disulfide bridges that stabilize the 
four core α-helices of C5a are crucial for protein 
assembly, since reduced C5a and mutants with deleted 
Cys-residues have been shown to be biologically inactive 
(Gerard et al., 1979; Johnson et al., 1987; Mollison et al., 
1989). Moreover, it has been recorded that an incorrect 
disulphide bridging was deleterious for the functionality of 
C5a and that particularly Cys27 is important for the 
constitution of the immunodominant conformation 
(Hennecke et al., 1997; Johnson et al., 1987). 
Consequently, we focused first on the expression of the 
recombinant factor in an oxidizing environment to enable 
disulfide bridge formation (de Marco, 2009). However, 
expression in the oxidizing cytoplasm of the E. coli 
Origami 2 did not lead to the solubilization of C5a (Table 
3), and the expression of aggregated C5a was lower in 
Origami 2 than in the BL21 strain (Figure 2). This is in 
contrast to expression analysis of other human proteins 
that are present in the blood, such as the tissue 
plasminogen activator (Bessette et al., 1999), the serine 
protease inhibitor HF6478 (Lauber et al., 2001), the 
lutropin/choriogonadotropin receptor (Lobel et al., 2002) 
and antigen binding fragments (Venturi et al., 2002). 
Hence, the expression of eukaryotic proteins in E. coli 
depends   on   the   protein   produced.   Because   E. coli  
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Table 3. The evaluation of expression parameters on the solubilization of recombinant C5a in terms of yield ( -: no soluble target protein; 
+: <10%; ++: 10 -25%; +++ 25-50%; ++++: >50% of total recombinant protein in the soluble fraction) and biological activity. n.i., not 
experimentally investigated. 
 

Expression 
strategy 

Description 
Temperature 

(°C) 
Yield of 

soluble C5a 

Bioactivity of soluble C5a as 

EC50 value (ng C5a equivalents/ml) 

1 Origami 2- cytoplasm 
37 - -- 

22 - n.i. 

     

2 BL21 periplasm 
37 - -- 

22 - -- 

     

3 BL21 periplasm + P-Chaperones 
37 - -- 

22 - -- 

     

4 BL21- cytoplasm 
37 - n.i. 

22 + 250-500 

     

5 BL21-cytoplasm + C-Chaperones 
37 - n.i. 

22 ++ <250 

     

6 BL21-cytoplasm + C-Chaperones 
37 +++ n.i. 

22 ++++ >500 
 
 
 

Origami 2 also had inferior growth kinetics compared to 
the strain BL21, this strategy was not pursued further. 
The higher level of C5a expression in BL21 might be 
attributed to the deficiency in 2 major proteases that are 
known to degrade recombinant proteins (Novagen 
product manual). Additionally, in a comparative study of 
various E. coli strains, BL21 exhibited the lowest stress 
response to high synthesis rates of foreign protein (Seo 
et al., 2003). Because of these features, B strains are 
highly desirable in industry (Huang et al., 2012). 15 out of 
43 approved biopharmaceuticals are produced in this 
strain (Waegeman and Soetaert, 2011). K12 derivates, 
such as Origami 2, are disfavoured because of the high 
acetate accumulation, which interferes with the growth of 
the bacteria (Waegeman and Soetaert, 2011). To 
combine the advantageous features of BL21 with those of 
an oxidizing environment, C5a was targeted to the 
periplasm in BL21 by fusion to the phoA signal peptide. 
This strategy has been found to improve the expression 
patterns of several proteins, such as the human plasma 
retinol-binding protein and the dendritic cell membrane 
receptor DC-SIGN (Schlapschy et al., 2006), the bacterial 
glycoamidase PNGase F (Loo et al., 2002) and the 
human granulocyte colony-stimulating factor (Jeong and 
Lee, 2001). However, phoA-fused C5a was not 
detectable in the periplasm. This is consistent with a 
report by Xu et al. (2008a), who did not find any PalB in 
the periplasm and attributed that effect to the inherent 
instability of the recombinant protein (Xu et al., 2008b). 
This might also be true for C5a because C5a is normally 
present in  the  human  blood  as  inactive  C5  precursor. 

After the proteolytic release of C5a, it is rapidly 
metabolized by serum peptidases in order to permit the 
appropriate regulation of the immune response (Martin et 
al., 1988). As a possible solution to this problem, it has 
been widely reported that the overexpression of 
periplasmic folding factors can interact with secreted 
proteins to enhance functional expression via improved 
translocation and/or polypeptide stabilization (Choi and 
Lee, 2004; Duguay and Silhavy, 2004; Kurokawa et al., 
2000; Mogensen and Otzen, 2005; Schlapschy et al., 
2006; Xu et al., 2008a). This effect has been confirmed 
for the periplasmic expression of C5a in our study as 
well. However, in the case of C5a, most of the protein 
was deposited in inclusion bodies, where it might be 
protected from degradation. Although no soluble C5a was 
detectable, it is possible that soluble C5a is produced but 
degraded so fast that it is not detectable. This would be 
consistent with the finding that C5a is extremely unstable 
in the human blood (Fernandez and Hugli, 1978). 
Nevertheless, this approach is unfeasible because it does 
not permit the isolation of soluble C5a. 

Another possible strategy to enhance the expression of 
soluble C5a is the use of chaperone proteins (de Marco, 
2009). de Marco et al. (2009) expressed 64 different 
proteins together with chaperones and thereby enhanced 
the solubility of nearly 70% of these proteins (de Marco et 
al., 2007). Interestingly, for C5a, the solubilizing effect of 
chaperone co-expression was dependent on the 
cultivation conditions and only occurred at 22°C, the 
temperature at which soluble C5a reached up to 0.65% of 
TSP, corresponding to 3.8 mg C5a per liter of cell culture.  



 
 
 
 
The positive effect of the temperature reduction was also 
observed for expression approaches without additional 
chaperones, but to a lesser extent (Table 3). The final 
yield of C5a averaged 0.23% of TSP when cultivated at 
22°C. This effect might be explained by the fact that the 
aggregation reaction is favored at high temperature 
because of the strong temperature dependence of 
hydrophobic interactions (Kiefhaber et al., 1991). The 
higher yield might also be due to reduced degradation 
processes at lower temperatures. In addition, it has been 
hypothesized that recombinant protein might accumulate 
in inclusion bodies when the quantity of newly produced 
recombinant protein exceeds the number of available 
chaperones. In this case, the hydrophobic stretches of 
proteins cannot be bound by the chaperones, and folding 
into the native conformation is not possible (Hoffmann et 
al., 2004). Lowering the temperatures may slow the 
protein synthesis rate to better match the chaperone 
capacity (de Marco et al., 2007). 

Nevertheless, further slowing of the protein synthesis 
rate by lowering the inductor concentration did not show 
any effect at all, although several other authors have 
reported that this approach increased the soluble protein 
expression (Baneyx and Mujacic, 2004). Hence, the 
protein synthesis rate cannot be the only factor that 
influences the aggregation of C5a in the presence of 
chaperones. Recombinant antigenic C5a derived from 
the strains with and without chaperone-assistance 
showed a similar biological activity compared to the 
commercial standard. Interestingly the C-terminal 
hexahistidine residue did not seem to interfere with the C-
terminal receptor binding domain, which has been 
recorded to be sensitive to alterations (Mollison et al., 
1989). The additional His-tag might even increase the 
overall activity, since it should according to the 
manufactures manual (Novagen pET system manual), 
prevent the C-terminal degradation, which is assumed to 
deactivate the protein in E. coli (Mollison et al., 1987). In 
addition, the likeliness of degradation was reduced in our 
experiment by the usage of a protease deficient strain. 
The usage of such a strain led to a remarkable increase 
of insoluble C5a (Franke et al., 1988; Mandecki et al., 
1986). Moreover Franke et al. (1988) could prove by 
protein sequencing that the protein was still intact. Hence 
the low amounts of soluble cytoplasmic C5a observed 
are unlikely to result from proteolytic degradation. 

However, it has to be mentioned that a synthetic 
decapeptide, representing definite regions of C5a, 
showed a biological activity (Ember et al., 1992). 
Therefore biological activity does not necessarily suggest 
that folding has occurred. 

To overcome the intrinsic instability of C5a, the fusion 
to a partner with protein stabilizing properties was a 
reasonable strategy. This strategy is widely used, as 
described in the reviews of Fox et al. (2003) and 
Marblestone et al. (2006). Indeed, solubilization or 
stabilization of soluble C5a was achieved by its  fusion  to  
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the highly soluble protein GST (Tables 3), which is known 
to protect the target protein from intracellular proteases 
(Terpe, 2003). More than 50% of total GST-C5a was 
soluble when produced at 22°C, corresponding to 1.23% 
of the TSP or 5.1 mg C5a per liter of cell culture. 
However, it must be noted that the fusion protein had an 
inferior biological activity, with an EC50 value of 508.15 
ng/ml, compared to the soluble, unfused C5a. The fusion 
tag may either alter the conformation of C5a or affect the 
biological activity by sterical hindrance. The last one 
would be more likely since C5a did show a great 
tolerance to alterations if the core and C-terminal binding 
domain or the disulphide bridging remained unaffected 
(Kola et al., 1999; Mollison et al., 1989). However, this 
sterical hindrance might be a result of the specific 
combination of C5a and GST, since C5a binding domains 
proved to be functional when exposed on the surface 
phages (Hennecke et al., 1997). Nevertheless 
downstream processing to remove the GST tag would be 
required to prepare a biocatalyst. This was unexpected 
because, in most cases, tags do not interfere with the 
biological activity of the target protein, and fusion proteins 
are commonly used to immobilize biocatalysts on a 
matrix for the intended application (Terpe, 2003).  

C5a aggregated in inclusion bodies yielded between 
1.07 and 2.58% of TSP (Table 2). This is in line with the 
findings of previous researchers who purified 13 mg C5a 
per liter of cell culture, or 3% of TSP, recovered from 
inclusion bodies after de- and renaturation (Mandecki et 
al., 1986; Mollison et al., 1987). Interestingly, the 
insoluble fraction showed a low activity, suggesting that 
some aggregated C5a is correctly folded. This is in line 
with previous reports, which showed that (mis) folding 
and aggregation are 2 independent processes (Garcia-
Fruitos and Villaverde, 2010). As was found for soluble 
C5a, the biological activity of the inclusion bodies was 
highest in the strain with engineered chaperones (EC50 
value of 828 ng/ml). However, the insoluble GST-C5a 
fusion protein had the lowest activity (EC50 value of 1356 
ng/ml) because only soluble proteins can be used as 
therapeutics (Vincentelli et al., 2011), the insoluble 
fraction would require solubilization via denaturation and 
refolding before use. In light of the small differences in 
the yield of soluble and insoluble C5a, this strategy does 
not seem to be feasible. 

To our knowledge, this is the first time that active, 
soluble C5a has been produced in E. coli directly without 
laborious refolding processes. The combination of 
temperature reduction with the overexpression of 
endogenous chaperones seems to be a reasonable 
strategy for producing large quantities of soluble and 
bioactive recombinant C5a. 
 
 
Conclusions 
 
Using C5a as a model, we identified essential  production 

http://dict.leo.org/ende?lp=ende&p=DOKJAA&search=sterical&trestr=0x2804
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parameters, which are relevant for the production of 
difficult-to-express proteins, and are transferable to 
commercial fermentation systems under cGMP 
conditions. In line with previous reports (Platas et al., 
2011), we proved that recombinant protein yield and 
quality are divergent features and need to be dealt with 
separately. The fusion of C5a with GST improved the 
solubility, but negatively affected the biological activity 
and made laborious tag removal procedures necessary 
since the fusion protein was not the product of interest. 
The concomitant expression of chaperones, the reduction 
of cultivation temperature or inductor concentration all 
had a positive impact on the biological activity. This 
positive effect was significantly improved by combining 
these parameters, which facilitates downstream 
processing. 
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