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Abstract 
Immobilizing antimicrobial substances onto biocompatible materials is an important approach for the 
design of novel, functionalized medical devices. By choosing antimicrobial substances from innate 
immune systems, the risk for development of resistance in pathogenic microbes is lower than if 
conventional antibiotics are used. Combining natural antimicrobial peptides and bactericidal enzymes 
with strong and elastic spider silk through recombinant protein technology would enable large-scale 
production of materials that could serve as functionalized wound dressings. Herein, fusion proteins 
with the engineered spider silk sequence 4RepCT and five different antimicrobial substances were 
constructed using two different strategies. In the first, the fusion proteins had a His-tag as well as a 
solubility-enhancing domain N-terminally to the antimicrobial agent during expression. The tags were 
cleaved and separated from the target protein during the purification process. The other approach 
provided a His-tag but no additional solubility domain. The antimicrobial agents included in the work 
were a charge engineered enzyme and four antimicrobial peptides herein called Peptide A, Peptide B, 
Peptide C and Peptide D. Four out of five fusion proteins could be expressed in Escherichia coli 
without exhibiting noticeable toxicity to the host. However, most target proteins were found in the 
non-soluble fraction. For D-4RepCT, neither soluble nor non-soluble proteins were identified. An 
operating strategy for expression and purification of antimicrobial spider silk proteins was developed, 
where the construct system providing the solubility-enhancing domain N-terminally to the 
antimicrobial sequence, and long time expression at low temperatures is a promising approach. The 
fusion proteins A-4RepCT and C-4RepCT could be produced in adequate amounts, and they proved to 
possess the ability to assemble into stable fibers. When incubating solutions of Escherichia coli on the 
functionalized silk material A-4RepCT, it showed to decrease the number of living bacteria in 
solution, in contrary to wild-type 4RepCT on which bacteria continued to proliferate. Initial studies of 
the viability of bacteria adhered to the surface of the functionalized spider silk are so far inconclusive. 
A larger sample size, complementary experiments and methodology optimization is needed for a 
proper assessment of antibacterial properties. However, preliminary results for the development of 
antimicrobial spider silk are positive, and the approach elaborated in this work is believed to be 
applicable for the construction of functional spider silk with a wide range of natural antimicrobial 
agents for future wound healing applications. 
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1 Introduction 

Surfaces and materials with antimicrobial activity are important for medical applications as well as in 
marine and food industries, where they are used to avoid formation of complex biofilms that reduces 
hydrodynamics in ships or leads to toxicity in food. In health care, inflammations at sites of 
implantations are frequently troublesome, and there is a great need for improved wound healing 
dressings that effectively repress infections.1–3 

Antibiotics are indispensable in treating infections but resistant microbial strains are evolving and 
spreading in the world. This is a great concern, and there is a global need for alternative medical 
solutions.1,4 Therefore, development of new kinds of materials able to inhibit infections and with a 
lower propensity of inducing resistance development is demanded. One way gaining interest is to look 
for natural antimicrobial substances present in living organisms.1,5   

Plants, insects, animals and other organisms naturally produce peptides with broad antimicrobial 
activity and low tendencies of inducing resistance development among the microbes they target. Such 
peptides are referred to as antimicrobial peptides, AMPs.1,5 There are also a variety of bactericidal 
enzymes present in innate immune systems of multicellular organisms. To control the behavior of 
antimicrobial agents in medical applications and ensure a long-lasting effect, it is favorable to 
immobilize them on biocompatible materials. In this way, the molecules remain at the site of need.1,2  

A material of growing medical interest is spider silk. It is an unusually strong material with an 
extraordinary elasticity. Spider silk has shown to be biocompatible, and has been successfully 
produced in heterologous hosts using gene technology. This provides the possibility to optimize its 
properties and introduce new functions into the silk.6,7  

In this study, a strategy for combining the desirable properties of antimicrobial agents with the unique 
quality of spider silk is presented and evaluated as an entrance for future wound healing applications. 
The attributes of the chosen materials are described, followed by experimental procedures, results, 
discussion and conclusions. 

1.1 Bactericidal enzymes 
Several enzymes have been immobilized on surfaces intended to decrease the bacterial growth on the 
materials, showing maintained enzymatic activity. When aiming to make bactericidal materials with 
broad targeting, Enzyme E is a well-justified choice since it acts directly on the bacterial membrane 
rather than inhibiting proteins that bacteria release. It is a well-studied protein, its mechanism of action 
is well known and it is naturally present in a wide range of prokaryotes and eukaryotes, often in 
secretions to provide protection to bacterial infections. It is active against both Gram-negative and 
Gram-positive bacteria, as well as fungi.8,9 Enzyme E has been used in many trials to design various 
antimicrobial materials through immobilization of the enzyme on for example silicon, glass, stainless 
steel and polyethylene glycol.9,10 

In comparison to most other enzymes, Enzyme E is small with only 130 amino acids, and stable over a 
wide range of pH.11 Enzyme E is cationic, like many antimicrobial peptides, which is thought to lead 
the enzyme to the negatively charged membranes of bacteria as a part of its function.8 
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Enzyme E has previously been produced with recombinant techniques. In initial studies of 
recombinant production, inactive and insoluble products have been a problem but later, Enzyme E has 
been successfully expressed in Escherichia coli (E. coli) to yield soluble and active enzymes. A down-
regulated promoter with an effective inducer is then needed due to the lethal effect the produced 
enzyme has on the host bacteria.10  

Herein, an engineered Enzyme E was used, in which two positive arginines were exchanged to a 
negative asparagine and a histidine. This structure have previously shown to have an increased 
bactericidal activity without any stability loss in comparison to native Enzyme E.8 

1.2 Antimicrobial peptides 
Antimicrobial peptides (AMPs) are part of the immune system of all multicellular organisms, and so 
far over 750 different AMPs have been isolated. They possess a broad spectrum of antimicrobial 
functions, not only acting on bacteria but some also target fungi, viruses and tumors. AMPs show 
activity at very low concentrations. They are generally small peptides of 10-35 amino acids, which in 
most cases are cationic and can adopt amphipathic structures to interfere with cell membranes of 
microorganisms.1,5 In general, the antimicrobial peptides are considered to have a limited 
immunogenicity and have low tendencies of inducing resistance development among their target 
organisms, which makes them attractive substitutes for conventional antibiotics.1,5  

1.2.1 Mechanism of action 
It is indeed interesting that AMPs show less tendencies of contributing to resistance development than 
antibiotics. An explanation can be that antibiotics possess unique motifs that become recognition sites 
for proteases, whereas most AMPs lack such characteristic epitopes.12 Instead, they target a basic 
difference in membranes of eukaryotic cells and microorganisms, namely that the outer surface of 
eukaryotic cell membranes have no net charge whereas bacterial cell membranes have a high density 
of negatively charged phospholipids. Almost all AMPs have a multi-positive net charge, which attracts 
them mainly to bacterial cells, as shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic description of the selectivity of AMPs to act on microbial cells.12 
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Since resistance to this action would require a recomposition of the very fundamental protecting coat 
surrounding the microbial cell, resistance development is unlikely. However, there are some reported 
resistance mechanisms to AMPs. For example, some AMPs have proteolytic functions inside the cells 
they target, and inhibitors to such functions have been found. Also, changes in the membrane 
composition of target cells to lower the number of negative charges are possible. However, the general 
opinion is that extensive resistance development would take too much effort from the microbes to 
constitute a considerable risk.1,12 

The general mechanism of AMPs is described as a three-step action starting with an electrostatic 
attraction between the cationic AMP and the negatively charged microbial cell. Following the 
movement to the membrane surface, the AMP adopts an amphipathic structure that can interact with 
the hydrophilic surface of water and phospholipid head groups, and the inner hydrophobic 
environment of the membrane. This increases the membrane permeability, eventually leading to cell 
death. The process is visualized in Figure 2. Different causes have been discussed for the lethal 
effects, such as depolarization of the membrane, creation of pores that forces leakage from the cells to 
occur, or activation of harmful processes inside the cell.1  

It seems that exact mechanisms differ for various AMPs since some types of AMPs must be close to 
each other to have bactericidal effects whereas others must not. Some need to be free to cross 
membranes, demanding a long and flexible linker if it is to be immobilized, whereas other AMPs 
retain their function even without linkers, thus indicating a non-penetrating mechanism.  

 

 

 

 

 

 

 

 

 

Figure 2. A model for the general mode of action of antimicrobial peptides.13 The antimicrobial peptide adopts 
an amphipathic structure when it approaches the cell membrane. Several peptides can gather to cover the 
membrane or form pores, which cause disruption of the cell membrane. 

1.2.2 Immobilization prospects 
Covalent attachment of drugs to the implant surface is a way to achieve long-lasting antimicrobial 
activity. Studies where AMPs were immobilized on different substrates have reported that tethered 
peptides can be stable at high temperatures and demonstrate shelf-lives up to several months.1 
Immobilization of AMPs on surfaces has been accomplished with different strategies. In most cases it 
has been beneficial to use a flexible linker between the surface and the peptide, but results are 
contradictive and are believed to depend on the specific AMP being used together with the properties 
of the material it is coupled to.1,5 In most reported cases, the activity of immobilized AMPs is lower 
than when they are used as free monomers. AMPs that mainly act through electrostatic interference or 
destabilization of the bacterial membrane may easier keep its function when they are immobilized than 
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peptides that need to cross the membrane to show effect.14 Meanwhile, it has been proposed that 
immobilized AMPs may act through other mechanisms than their free analogues, making it even 
harder to interpret the outcome of a new material design involving AMPs.1 This complexity in making 
any general conclusions of what strategies that are the most promising for novel systems are 
troublesome, but the advantages that these natural, resistance resilient and broad acting peptides 
possess for use in future medical devices make them the focus for an increasing amount of research 
projects. 

1.2.3 Candidate qualifications 
When choosing AMPs to use in fusion with recombinant spider silk, peptides that previously have 
shown antimicrobial activity in immobilized states were preferred. Following, four peptides with 
prospects of being suitable components in antimicrobial spider silk are presented, each with individual 
characteristics. 

Peptide A is a helical AMP with 23 amino acids, which possesses +3 in net charge. Peptide A have 
previously been successfully immobilized on polymers as well as Self Assembled Monolayers on gold 
surfaces, with retained antimicrobial function.15,16 In such trials a reduced adhesion of bacteria and 
inhibited growth have been seen, even if the activity show tendency to be bacteriostatic rather than 
bactericidal, leading to limited cell growth but not necessarily lethal outcomes.2,16 Peptide A does not 
seem to require a long linker, since immobilization with 2-6 carbon linkers have yielded materials 
with antimicrobial function.17 The mechanism is believed to differ depending on the concentration; at 
high concentrations, a membrane covering carpet model seems to apply, whereas at lower 
concentrations Peptide A creates pores.16 Peptide A has previously been expressed in E. coli as a 
fusion protein where the additional C-terminal sequence were cleaved off after expression to yield free 
and active Peptide A.18 This makes it a promising candidate for fusion with spider silk proteins and 
subsequent expression in E. coli.  

Peptide B is a small AMP with an unusually high density of positive charges; out of its 14 amino 
acids, 6 are cationic. A large number of positively charged residues is believed to make membrane 
permeability more efficient.19 Structurally, Peptide B is a beta sheet hairpin structure in water but 
helical in crystal forms. Peptide B is a substance of interest since it is a short sequence and thus 
exhibits a simple structure. Also, it has a broad antimicrobial activity acting against bacteria as well as 
fungi, protozoa and viruses, and may to some extent inhibit cancer metastasis.20 

Another well-studied AMP in immobilization trials is Peptide C, a helical protein with 25 amino acids. 
Peptide C has a hydrophobic N-terminus and preserves most positive charges at the C-terminus; in 
total it has a net charge of +7. The mechanism for the antimicrobial activity of Peptide C is to 
penetrate the lipid layers of bacterial cell membranes with its hydrophobic N-terminal chain and to 
form ion channels that increase the permeability of the membranes. Therefore, it requires a free N-
terminus to retain its mechanism.14 When comparing antimicrobial activity of free Peptide C to 
immobilized counterparts, the effectiveness decreases upon restriction of motion. However, activity 
was observed even when the peptide was immobilized, which makes Peptide C an attractive peptide 
for further immobilization studies.14 

For direct immobilization on materials without the use of linkers to provide a flexible coupling, 
Peptide D has potential to retain its activity, according to previous studies where it has been directly 
attached to gold and silicon nitride.21 It has a broad activity, acting on Gram-positive as well as Gram-
negative bacteria and yeast.17,22 Among AMPs, Peptide D is considered large with its 31 amino acids. 
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It has a net charge of +5 and a hydrophobic region at the C-terminus. Its structure has not been 
determined but simple prediction tools suggest a high content of helices. 

1.3 Spider silk as a material for medical applications 
Spider silk is a natural material with unique properties, showing extraordinary strength and elasticity. 
Studies have shown a fairly slow in vivo degradation of natural spider silk, and the material appears to 
provide a suitable matrix for cell growth. For adhesion, growth and differentiation of cells, spider silk 
proteins, also called spidroins, have the potential to constitute a good scaffold due to its mechanical 
properties, elasticity and alternating hydrophilic and hydrophobic structure. However, in several cases 
different degrees of inflammatory responses to spider silk have been reported. Still, most cases are 
encouraging for future medical use.7  

Recombinant spider silk variants have shown biocompatibility in cell growth studies, and have 
potential of being an important material for tissue engineering in the future.7,23 The possibility to 
express engineered spider silk as fusion proteins for functionalization of the fibers makes even more 
interesting applications possible. In previous work, a partial spidroin sequence called 4RepCT have 
been designed that can be produced recombinantly in E. coli and forms fibers, films, foam or meshes 
in controllable manners without the need of chemicals that could potentially affect the properties of 
other proteins fused to 4RepCT.24,25 This increases the potential to successfully add antimicrobial 
activity to the silk material.  

The 4RepCT sequence is a partial spidroin made of four repetitive alanine and glycine rich regions 
that mediate intermolecular interactions, mimicking repetitive regions of natural dragline spider silk 
that is normally much longer. It also contains the C-terminus of dragline spider silk, which promotes 
formation of fibers instead of amorphous aggregates.26 In Figure 3, a hyphothetic description of the 
stacking of natural spider silk proteins and the recombinant partial spidroin 4RepCT is shown.  

 

 

 

 

Figure 3. Schematic view of the hypothetic stacking of spider silk proteins, rendered from Hillerdal 2010.27 To 
the left, a model of a part of natural spider silk protein is shown, and to the right, stacking of the recombinant 
spider silk protein 4RepCT is suggested.  

4RepCT has previously been expressed in fusion with other protein sequences, showing intended 
functions.7,28 Still, more have to be investigated about the in vivo function and immunological 
responses to such materials. 

1.4 Designing antimicrobial materials 
There is a wide range of research strategies investigating the potential of using antimicrobial agents in 
new materials, a readily reviewed area.1,5,29–31 Immobilizing AMPs or enzymes on solid materials 
enables activity at the site of need, and leads to the use of less peptides since their activity is retained 
over time. Also, using free AMPs is a less suitable alternative since they are susceptible for 
proteolysis.29 Strategies for immobilizing AMPs includes chemical coupling to surfaces, physical 



 1. Introduction 

 6  

layer-by-layer entrapment in scaffolds or recombinant production of AMPs in fusion to proteins that 
are prone to assemble in a controllable manner.29,30 In chemical coupling, EDC/NHS chemistry or 
Self-Assembled Monolayers on gold or titanium are common techniques. Polyethylene glycol based 
resins are also frequently used as a base of attachment. However, since chemicals are needed in these 
coupling strategies, there is a risk for hazardous compounds to remain in the materials, which is not 
acceptable for devices aimed for medical uses. Also, the structure of the immobilized peptides may be 
disrupted during the process. Free peptides for the immobilization must either be derived from 
animals, which is only possible in small amounts, or synthesized chemically which is an expensive 
alternative. The same problem occurs when using layer-by-layer entrapment. This strategy aims to 
release free peptides continuously, which requires a larger amount of substances since they are 
unloaded by time, and side effects can occur since active agents will be distributed uncontrollable. A 
more convenient way to produce proteins, which also allows large-scale production, is by 
heterologous expression in bacteria or fungi. It composes a cost-effective production system for 
proteins in native-like conditions. 

The gram-negative bacteria E. coli is a widely used expression host that is easy to culture and allows 
straightforward gene manipulation for production of chosen proteins. E. coli has shown to be a good 
host for production of spider silk proteins, a material believed to be a suitable scaffold for 
immobilization of antimicrobial substances as discussed in the previous section. Recombinant 
production of spider silk enables the formation of both two-dimensional and three-dimensional 
scaffolds such as films and stable foams, which may be suitable for cell culturing and tissue 
engineering.7 

Recombinant spider silk proteins have been expressed in plants and animals, such as tobacco, potato, 
mice and goats, complementary to bacterial hosting.7 However, only low yields have been achieved, 
and using animals or plants as production hosts involves risks to cause disease transmission and to 
bring hazardous compounds into the produced materials. There are also more problems associated 
with batch-to-batch variations in animal production than for bacterial culturing.  

1.5 Escherichia coli as an expression system for antimicrobial proteins 
It is of course challenging to produce antimicrobial substances in bacterial hosts. Reviews discussing 
various trials of such procedures are essential to study before designing new strategies. Techniques 
with potential to succeed use a tightly regulated promoter, such as the T7 system. Furthermore, 
expression together with either neutralizing sequences or fusions for sterical hindrance of 
antimicrobial actions during expression have shown to be important.20,30–32 After purification, the 
fusion proteins can be cleaved to give free and active antimicrobial substances.  

Gomes et al. have been able to express human antimicrobial peptides recombinantly in E. coli together 
with a spider silk protein sequence.6 Note however that in their study, activity was only shown before 
film formation and their spider silk protein requires treatment with 70 % methanol in order to form 
water-insoluble films, which may not be good for AMPs that are immobilized on this material. With 
our silk protein, no such chemical treatment is needed to form stable films and fibers, enhancing the 
chances to produce spider silk scaffolds with antimicrobial activity. 
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1.6 Rationale of the study 
The aim of this work was to construct spider silk proteins in fusion with antimicrobial substances from 
innate immune systems using recombinant protein technology, and to create antimicrobial silk 
materials from the produced proteins that can be used in wound healing applications. To study the 
influence of the materials on bacterial growth, viability assays were designed and applied to the 
functionalized silk materials. 

Antimicrobial substances were chosen to make an assembly of various structures, origins and 
functions, with good chances of being expressed in fusion with the silk protein. The selected 
sequences were a human enzyme that attacks bacterial cell walls, Enzyme E, with mutations for a 
more efficient activity; Peptide A, an amphipathic peptide from amphibians; Peptide B, a short peptide 
derived by cleavage of a bovine secretory protein; Peptide C, a helical peptide present in bee venom 
and Peptide D, a comparably large antimicrobial peptide from a mammalian intestine. 

To produce the combined materials, expression in E. coli is a cost-effective strategy that has shown to 
be suitable for spider silk production. It also allows future large-scale production. In E. coli, gene 
manipulation can be made by conventional protocols and the cells are easy to culture and harvest.  

Usage of antimicrobial peptides and bactericidal enzymes is the future direction for designing 
sustainable medical treatments, and synthesizing them covalently bound to spider silk proteins allows 
production of a strong and elastic material, suitable for medical use. 
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2 System and process 

2.1 General approach 
To make antimicrobial spider silk, sequences for peptides with antimicrobial properties were inserted 
into a vector containing a strongly regulated T7 promoter and the sequence for 4RepCT, a partial 
spider silk protein. Work was done with all variants in parallel, continuing with those successfully 
processed in each step and meanwhile redoing experiments on the remaining constructs. The same 
expression system as has previously been suitable for processing of 4RepCT fusions was utilized.24 
The vectors were introduced into E. coli by transformation and expressed upon induction with IPTG. 
After expression and harvesting, the fusion proteins, which contained His-tags, were purified using 
immobilized metal ion chromatography. The constructs showing best potential of being extracted in 
sufficient amounts were chosen for further work, and the ability to form fibers and films was tested. 
Finally, the antimicrobial activity of one of the target proteins could be analyzed and statistically 
compared to reference materials.  

Two different cloning strategies previously used for other fusions with the 4RepCT sequence were 
utilized to increase the possibility of finding a promising way to produce the antimicrobial materials. 
In one of them, a solubility tag was present at the N-terminus during expression, potentially 
minimizing the risk of AMPs to disrupt the membrane of the expression host from the inside. This tag 
was cleaved off from the target protein before fiber formation, also providing a two-step purification 
with potential to get a purer material. These constructs did not contain any His-tag after the final 
purification step. The other strategy included only a His-tag and thus did not require cleavage. An 
advantage of using the latter cloning strategy, without the solubility tag, is that fewer purification steps 
are needed. 

Preferably, both Gram-positive bacteria such as Staphylococcus aureus, and Gram-negative bacteria 
such as E. coli would be interesting to use in antibacterial assays of the produced materials, the first 
one being present in most skin infections, and the latter being one of the most well-studied bacteria in 
laboratory scales.33,34 In the first trials, E. coli was chosen for indicating the activity of the prepared 
fusion proteins. Previous research was studied to design these tests, to enable comparison with other 
work. The set-up for functionality assays in this work is based especially on two articles by Yuan et al. 
(2013) and Humblot et al. (2009) where antimicrobial substances were immobilized on metal bases 
through chemical reactions.9,16 

2.2 Modus operandi 
This project has been performed according to the international CDIO model, following the concept 
conceive – design – implement – operate and aiming to be an innovative educational framework for 
producing the next generation of engineers35. A flow plan was set in the beginning of the project and 
was continuously used to systematically analyze the progress of the project and ensure that the aims 
could be reached. A detailed Gantt chart for the project is shown in Appendix A - Project model, 
where both the original plan and the actual workflow are presented, as well as the evaluation strategy 
used during the project. Following that, the risk analysis that was set up before starting the project is 
shown. An assessment of the actual progress can be found in section 5 Process analysis and in 
connection to the Gantt charts. The methodology is discussed in 7.5 Assessment of strategies. 
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3 Materials 

3.1 Chemicals and standard solutions 
Luria-Bertani (LB) medium was prepared using 25 g/l of a mixture with 2:1:1 in weight proportions of 
tryptone (Sigma-Aldrich), yeast extract (Fluka) and sodium chloride. For protein expression over 
night, 3 mg extra yeast was added per liter LB-medium.  

Restriction enzymes were purchased from Thermo Scientific. Calf Intestinal Alkaline Phosphatase,  
T4 DNA Ligase and their corresponding buffers were distributed by Fermentas. Protease 3C supplied 
with a histidine-tag was prepared by Spiber Technologies AB. Wild-type 4RepCT (4RepCT(WT)) and 
poly-lysine 4RepCT (pL4RepCT) used as references for antibacterial activity assays were received 
from Spiber Technologies AB as soluble proteins. The pL4RepCT has lysine residues N-terminally to 
4RepCT. 

DNA extraction kits NucleoSpin® Plasmid and NucleoSpin® Gel and PCR Clean-up were supplied by 
Macherey-Nagel, complemented by QIAGEN Plasmid Midi kit. For hybridization of oligo DNA 
sequences, an annealing buffer containing 10 mM Tris with pH 8, 1 mM EDTA and 50 mM NaCl was 
prepared.  

Chelating Sepharose Fast Flow matrices and Ni-NTA Agarose used for protein purification were 
supplied by GE Healthcare Bio-Sciences AB (Sweden) and QIAGEN (Germany), respectively.  

For SDS-PAGE analysis, gels and buffers were ClearPAGE products from C.B.S. Scientific, and the 
protein ladder used was ThermoScientific Spectra Multicolor Broad Range Protein Ladder. Western 
blot was performed with Immobilon-FL PVDF membranes (Millipore), Odyssey blocking buffer 
(LiCor Biosciences) and Blotting paper 703 (VWR), using Anti-His6 Antibody from GE Healthcare 
and Donkey anti-Mouse IRDye 680 from Life Technologies as markers.  

Determination of cell viability on spider silk samples was made using the LIVE/DEAD® BacLight™ 
Bacterial Viability kit for microscopy and quantitative assays (L-7012) supplied by Life Technologies, 
based on the two dyes SYTO 9 and propidium iodide. All microscopy was performed on a Nikon 
Eclipse Ti inverted fluorescence microscope.  

3.2 Cell strains and vectors 
Escherichia coli strains NovaBlue (Merck Millipore) and BL21(DE3) (Merck Biosciences) were used 
as hosts for cloning and expression of proteins, respectively. For amplification of plasmids and growth 
on LB-agar plates, bacteria were cultured at 37°C. BL21(DE3) culturing was carried out at 30°C prior 
to induction of protein expression. In all studies except for the antibacterial assays, cells were cultured 
in LB-medium or on LB-agar petri dishes with 50 µg/ml kanamycin.   

All expression vectors used are based on the pET system for expression controlled by the T7 
promoter, and already carried the sequence for the previously described recombinant partial spidroin 
4RepCT.24 Single stranded oligo DNA sequences were ordered from TAG Copenhagen A/S 
(Denmark), and the pUC57 vector containing the other inserts was received from GenScript (USA). 
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3.3 Ethics statement 
Laboratory work followed the environmental and safety policies of Uppsala Biomedical Centre, no. 
UFV 2007/551, including guidelines for genetically modified materials and organisms (GMM and 
GMO). 

Cell strains used, NovaBlue and BL21(DE3), are of type K-12 and B respectively. Both are considered 
Class 1 Agents according to the U.S. EPA document Final risk assessment of Escherichia Coli K-12 
derivatives (1997) and the MUSC recombinant DNA Classification (2012).  

In this study, cells were grown with antibiotic selection. In laboratory scales, this is a practical issue 
and waste endpoints are controlled. For future applications and commercialization, there are several 
choices for designing large-scale culturing without involvement of genes for antibiotic resistance.36 

The aim of using antimicrobial peptides and enzymes from innate immune systems in medical 
applications is to avoid resistance development in pathogenic microorganisms. Such behavior is 
already problematic for conventional antibiotics but establishment of resistance to antimicrobial 
peptides is generally estimated to be of minor risk since they have been an important part of innate 
immune systems for thousands of years, even if cases of resistance have been reported and 
discussed.1,37 Further research on this area is required.  
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4 Methods 

4.1 Cloning 
Two cloning strategies were used for functionalization of recombinant spider silk. The sequences for 
Peptide C, Peptide D and Enzyme E were ordered as a combined insert in the pUC57 vector with 
kanamycin resistance and restriction sites for NdeI and EcoRI between each sequence. After cleavage, 
each individual sequence was to be inserted into the vector pT7-Z-4RepCT, where Z is exchanged 
upon cloning. Both plasmids were cleaved by NdeI for 18 h, together with EcoRI during the last two 
hours. Cleavage was performed at 37°C, followed by heat inactivation of the restriction enzymes. 
Cleaved fragments were separated on a 1.2 % agarose gel, and extracted using a NucleoSpin Gel and 
PCR Clean-up kit. Peptide C and Peptide D, which are about the same length, had to be purified 
together. The purified mixture was treated with Calf Intestinal Alkaline Phosphatase at 37°C for 30 
min to avoid dimerization, and the enzyme was heat inactivated after the reaction. Ligation was 
performed at 22°C for 1 h using T4 DNA Ligase and a 10 times molar excess of insert. 

The two smaller antimicrobial peptides Peptide A and Peptide B were ordered as single stranded oligo 
DNA sequences designed to have sticky ends corresponding to restriction cleavage with EcoRI and 
BamHI when hybridized. For hybridization of Peptide A and Peptide B respectively, single stranded 
sequences were used in 5 µM concentration in annealing buffer, heated at 95°C for 10 minutes and left 
to cool to room temperature in the heating block. For cloning of these short peptides, a vector called 
pT7-HTHQG-X-4RepCT was used, containing a cleavage site for Protease 3C after translation that 
enables removal of the N-terminus between Q and G. The part called HTH consists of His-tags for 
specific binding to columns charged with metal ions like Ni+ and Zn2+ upon purification, and a 
thioredoxin tag with the purpose to increase the solubility of the protein. The X sequence was removed 
by cleavage of the vector with EcoRI and BamHI for 3 hours at 37°C. Enzymes were then heat 
inactivated. Fragment separation was made on a 1.0 % agarose gel and DNA extraction followed the 
protocol for NucleoSpin Gel and PCR Clean-up kit. Cleaved and purified pT7-HTHQG-X-4RepCT 
and hybridized oligo DNA was ligated with T4 DNA Ligase at 22°C for 1 h, using 10 and 20 times 
molar excess of the hybridized oligo DNA sequences A and B, respectively. 

Ligated samples were transformed to chemocompetent NovaBlue E. coli cells by heat shock and 
cultured overnight on LB-agar plates with kanamycin, a resistance present in both target vectors. 
Colonies were cultured in LB-medium overnight and pelleted by centrifugation. Plasmids were 
purified using the NucleoSpin Plasmid kit. Sequences with correct inserts were verified by GATC 
Biotech, Köln.  

4.2 Protein production and purification 
Clones with correct inserts were transformed to BL21(DE3) E. coli by heat shock and incubated 
overnight on LB-agar plates with kanamycin. Sterile LB-medium was inoculated with the cells, 
incubated over night and stored as 15 % Glycerol stocks in the freezer. Thawed cells were allowed to 
grow in LB-medium until an OD600 of 1.0-1.5 was reached. Protein expression was induced by adding 
isopropyl β-D-thiogalactosidase (IPTG), followed by short time culturing at a temperature herein 
called T1. C-4RepCT and HTHQG-A-4RepCT was also expressed for a longer time at the lower 
temperature T2. Samples were taken for Western blot analysis when ceasing the expression, to see if 
the recombinant genes had been expressed; whole cell samples with both soluble and non-soluble 
content, and samples with soluble content only, were separated in denaturing conditions after lysis of 
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the whole cell sample, and analyzed using Anti-His6 Antibody and Donkey anti-Mouse IRDye 680. 
After harvesting, cells were frozen in 20 mM Tris, pH 8 before cell lysis with lysozyme, DNase I and 
MgCl2. Lysis products were centrifuged and the supernatant containing soluble proteins were applied 
to PD-10 columns packed with Chelating Sepharose Fast Flow and charged with Zn2+. Columns were 
washed with 20 mM Tris/200 mM NaCl and gradually increased imidazole amounts. Elution was 
made with 20 mM Tris/200 mM NaCl/200 mM imidazole. All elution fractions were pooled and 
dialyzed against 20 mM Tris or 20 mM Tris/200 mM NaCl over night at 4°C, with 6-8,000 MWCO.  
C-4RepCT, D-4RepCT and E-4RepCT were then concentrated using Amicon Ultra Centrifugal Filter 
Units, 3,000 MWCO. For HTHQG-A-4RepCT and HTHQG-B-4RepCT, the N-terminal His-tags and 
thioredoxin were cleaved off from the target protein during dialysis using Protease 3C and dithio-
threitol. The cleaved proteins were applied to columns with Ni-NTA Agarose. The effluent was 
collected, unspecifically bound proteins were eluted with 20 mM imidazole and His-tags were washed 
from the columns with 500 mM imidazole. Concentration was performed using the same procedure as 
for the other constructs. This second purification was performed both with and without 200 mM NaCl 
in the solutions, in different trials. 

During all wash and elution steps, A280 was measured to control protein content, and samples were 
taken for gel analysis. This was performed on 12 % SDS ClearPage gels in reducing conditions that 
were stained with Coomassie Brilliant Blue R250 and destained with deionized water. 

Pellet after cell lysis from short time expression of C-4RepCT was dissolved in 8 M Urea and stored at 
-20°C. The solution was purified using the same conditions as described above for C-4RepCT, adding 
8 M Urea in all buffers. Urea was removed during dialysis against 20 mM Tris/200 mM NaCl and the 
dialyzed elution pool was concentrated as described above. 

4.3 Spider silk formulation 
The final concentrated samples from each purification were subject to silk formation to see if the 
fusion proteins showed retained ability to form spider silk. Silk fibers were obtained by gentle 
wagging of the protein solution at room temperature, as described previously.25 To obtain films for 
antibacterial assays, protein solution was casted in cell culture wells. Reference materials were made 
from 4RepCT(WT) and pL4RepCT. Films were made in 24-well plates using 0.03 mg of 
4RepCT(WT) and pL4RepCT, and 0.05 mg of A-4RepCT. The films were washed with a phosphate 
buffer to remove remains of salt. 

4.4 Antibacterial activity assays 
E. coli NovaBlue was cultured to an OD600 of 0.8, and diluted 100 times. From this cell stock, dilution 
series was made and spread on LB-agar plates in duplicates followed by incubation at 37°C to 
determine the number of Colony Forming Units (CFU) per milliliter. From the cell stock, 3×105 cells 
in 500 µl were added to four wells each of the following four categories: (1) empty wells, (2) A-
4RepCT films, (3) 4RepCT(WT) films and (4) pL4RepCT films. Plates with cell suspensions on 
samples and in empty wells were incubated at 30°C. After 3 h, bacterial solutions were removed, 
diluted in series, spread on LB-agar plates and incubated as described above. Silk film samples were 
washed with 1 ml 0.85 % NaCl, and the NaCl solutions were then removed. For imaging of the 
viability of bacteria adhered to spider silk samples, the LIVE/DEAD® BacLight™ Bacterial Viability 
kit with the fluorophores SYTO 9 and propidium iodide was used. SYTO 9 is membrane permeable 
and stains nucleic acids in both live and dead bacteria, giving rise to green fluorescence. Propidium 
iodide, emitting red fluorescence upon binding, can only enter cells with disrupted cell membranes 
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and outrivals SYTO 9 at binding sites; thus, when both dyes are present, harmed bacteria are stained 
red and viable bacteria are green. SYTO 9 and propidium iodide were diluted 1:10 in 0.085 % NaCl as 
individual stock solutions, and then mixed 3:3:100 with deionized water. On each sample, 50 µl of 
LIVE/DEAD mixture was aliquoted and samples were incubated in the dark for 15 min. Stained 
materials were imaged using excitation at 455-490 nm and emission at 500-540 nm for green 
fluorescence, and excitation at 509-550 nm and emission at 570-614 nm for red fluorescence.  

After incubation of LB-agar plates, colonies were counted and analyzed in SPSS using the box plot 
graphical visualization. Fluorescence images were merged and analyzed in ImageJ. Color thresholds 
were set individually and the number of green and red pixels was counted using the Analyze Particles 
function. Statistical assessments were made in SPSS, using the Paired-Sample T-test. Statistical 
significances were accepted at p<0.05. 
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5 Process analysis 

The general work approach described in section 2 System and process had a clear direction and 
enabled work to be performed in parallel for all sequences. After cloning, all sequences were 
expressed and purified at least once to examine the prevalence of toxic effects during expression in the 
bacterial host, and to get initial information about purification effectiveness and amounts that could be 
obtained using standard procedures for 4RepCT processing. Early results were used to choose which 
materials were the most interesting to continue to work with when transcending to the phase for 
producing proteins for sample preparation and for performing the antibacterial assays.  

A purification process adapted to each protein and its structure and properties was essential for 
identifying proteins, obtaining information about amounts that could be expressed and to prepare 
solutions with purity and concentrations suitable for examining spider silk formation abilities. Also, 
purification effectiveness determined if enough protein could be obtained to perform antibacterial 
assays with statistical significance. Results from initial purifications of each target protein were used 
to adjust purification protocols. However, this did not affect the general time plan since the work 
approach was set up to allow updates, as noted in Appendix A. A descriptive example of how results 
were used to update procedures was when both proteins expressed with a solubility tag and processed 
using a two-step purification seemed to bind unspecifically to the Ni-NTA Agarose matrix due to their 
multi-positive charges. Thus, they were initially eluted together with the cleaved N-terminus. In 
proceeding trials, salt was added to moderate the interactions of the positive charges with the column 
matrix of the second purification step. Additionally, dialysis was tried both with and without salt. In 
this way, proteins could be enriched in a more controlled way and probabilities to obtain fibers were 
increased.  
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6 Experimental results 

6.1 Cloning of antimicrobial sequences into recombinant spider silk genes 
Peptide C, Peptide D and the charge engineered Enzyme E were correctly inserted into their target 
vector between the His-tag coding region and the 4RepCT gene. These vectors were named pT7-C-
4RepCT, pT7-D-4RepCT and pT7-E-4RepCT.  

Peptide A and Peptide B were inserted into another 4RepCT containing vector. Herein, the N-terminal 
consisted of the sequence for the His-tagged solubility-enhancing domain with the abbreviation 
HTHQG. Vectors cloned with this strategy were called pT7-HTHQG-A-4RepCT and pT7-HTHQG-B-
4RepCT. 

All constructs described above were successfully obtained with the reported cloning protocols and the 
correct sequences were verified. Upon expression, proteins named C-4RepCT, D-4RepCT, E-4RepCT, 
HTHQG-A-4RepCT and HTHQG-B-4RepCT were generated. When cleaving the last two proteins,  
A-4RepCT and B-4RepCT were obtained, respectively. 

6.2 Antimicrobial fusion proteins were successfully expressed in E. coli 
The five recombinant genes were initially expressed at T1 for a short time. All transformants grew 
normally after induction, which indicates that the antimicrobial proteins did not exhibit noticeable 
toxicity to the host before cell lysis. Western blot results for samples taken after short time expression, 
probed with Anti-His6 Antibody, are shown in Figure 4. The two constructs containing the solubility 
tag, HTHQG-A-4RepCT and HTHQG-B-4RepCT, were both identified with Western blot and thus 
showed to be expressed by the host. However, HTHQG-B-4RepCT was mainly found in the non-
soluble fraction, giving rise to a clear band in the whole cell sample but being barely detectable in the 
soluble fraction. HTHQG-A-4RepCT on the other hand was clearly present in the soluble fraction 
although the whole cell sample, consisting of both soluble and insoluble proteins, showed stronger 
intensity, thus indicating that the proteins were partly produced as inclusion bodies. 

Constructs without the solubility tag were also analyzed with Western blot. C-4RepCT and E-4RepCT 
show bands at expected molecular weights, although it seems that all E-4RepCT and most of the       
C-4RepCT were expressed as inclusion bodies, since proteins are primarily seen in the whole cell 
samples. However, D-4RepCT could not be identified on any of the two Western blots analyzed, 
suggesting that this construct was not expressed in detectable amounts in E. coli BL21(DE3).  

The two proteins showing the best potential of being expressed in significant amounts as soluble 
proteins were thus HTHQG-A-4RepCT and C-4RepCT.  
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Figure 4. Western blot (Anti-His6) analysis after short time expression. From left to right: a) HTHQG-B-
4RepCT, 40.0 kDa, b) HTHQG-A-4RepCT, 40.5 kDa, c) E-4RepCT, 38.9 kDa, d) D-4RepCT, 27.7 kDa and       
e) C-4RepCT, 27.2 kDa (theoretical molecular weights). For each pair of samples per construct, the soluble 
fraction is shown in the left lane and the whole cell sample in the right lane. 

6.3 Purification revealed low yields 
All fusion proteins were purified at least once, with generally small amounts of protein being 
recovered. SDS-PAGE analysis of samples from all purifications revealed that 4RepCT constructs 
could not be adequately separated from E. coli proteins during purification. The remaining E. coli 
proteins made it difficult to estimate the amounts of recombinant 4RepCT fusion proteins gained, 
since concentration determination is based on absorption from the total amount of protein in the 
solution. Therefore, only maximum concentrations of the target proteins could be estimated. For       
B-4RepCT, D-4RepCT, E-4RepCT and the non-soluble fraction of C-4RepCT purified in urea buffers, 
the maximum total amount of protein obtained was below 0.2 mg from 3 l of cell culture. Slightly 
larger amounts could be enriched from A-4RepCT and C-4RepCT using the same conditions.  

In order to facilitate the formation of soluble proteins during expression in E. coli, culturing for a 
longer time at a lower temperature was tried for A-4RepCT and C-4RepCT, in addition to the standard 
expression protocol. Results from both strategies are shown in Table 1 for these two constructs. For  
C-4RepCT, both expression strategies yielded small amounts of protein, and the main part of the 
proteins that could be enriched formed aggregates during dialysis. For A-4RepCT, a significant 
increase in protein amounts gained from purification was seen with the long time expression strategy. 

Table 1. Maximum amounts of target protein obtained with different culturing conditions. 

Target protein Culturing size Expression Purification 
protocol 

Maximum amount of 
final product obtained 

A-4RepCT 6 liter Short time, T1 Two steps, with salt 0.86 mg 

A-4RepCT 6 liter Long time, T2 Two steps, with salt 2.24 mg 

C-4RepCT 3 liter Short time, T1 One step, standard 0.63 mg 

C-4RepCT 6 liter Long time, T2 One step, standard 0.29 mg 

 
Upon dialysis of eluted fractions after purification, precipitates were formed in most cases. These were 
separated from the solution and analyzed using SDS-PAGE. The aggregates generally contained many 
protein bands including clear bands at molecular weights corresponding to the target constructs.  
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6.3.1 Purification of urea dissolved fractions 
Since most of the constructs formed inclusion bodies when expressed in E. coli, it is interesting to 
investigate the possibility to purify pelleted proteins after being dissolved in urea, and to see if the 
proteins retain their ability to form silk fibers when urea have been removed. Figure 5 shows samples 
from purification (a) in native conditions and (b) with urea in all buffers. The two purifications were 
made on fractions (soluble and pellet) from the same cultivation batch. Bands corresponding to         
C-4RepCT are highlighted in boxes. Clearly, more C-4RepCT was present in the urea dissolved cell 
pellet than in the soluble fraction since bands from the urea purification show greater intensity. In both 
cases, proteins formed aggregates during dialysis and in the final, concentrated samples (3) remains of 
soluble proteins are hardly detectable. 

 

 

 

 
 

 

 

 

 

 

6.3.2 Salt influences construct behavior 
The presence of salt during purification appeared to have impact on protein solubility and purification 
efficiency. For C-4RepCT, addition of NaCl in the dialysis buffer reduced precipitation, although 
aggregation was still troublesome. In the two-step purification applied for HTHQG-A-4RepCT and 
HTHQG-B-4RepCT, proteins derived from cleavage, which did not contain His-tags anymore, bound 
unspecifically to the Ni-NTA matrix in the second purification step if NaCl was not present. They 
were consequently eluted together with the His-tags and Protease 3C which resulted in impure 
samples. Using NaCl throughout all steps during purification of A-4RepCT reduced the unspecific 
binding, and the target protein could be collected from the effluent of the Ni-NTA columns, whereas 
His-tags and protease remained bound to the columns until eluted with imidazole. 

6.4 Antimicrobial fusion proteins retained the ability to form silk fibers 
From the eluates containing D-4RepCT and E-4RepCT, no silk fibers could be formed. Eluates with 
low concentrations of A-4RepCT and B-4RepCT formed aggregates but no fibers; the same was seen 
for C-4RepCT obtained from urea dissolved cell pellet.  

On the SDS-PAGE gel shown in Figure 6, the B-4RepCT solution that was subjected to fiber for-
mation was analyzed. This sample was the 500 mM imidazole wash fraction also containing protease 
and cleaved N-terminal tags, from the purification without NaCl in the second purification process. 
Imidazole had been removed during dialysis. A sample was taken from the solution just before fiber 
formation. When the fiber formation process was ceased, aggregates could be seen in the solution, a  

Figure 5. SDS-PAGE analysis of samples from purification of C-4RepCT 
without urea to the left (a) and with urea to the right (b). 

1. Fraction from elution with 200 mM imidazole,       
2. Pellet after dialysis (larger amounts than 1 and 3),               
3. Concentrated, dialyzed elution pool (final sample) 
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phenomenon previously seen when 4RepCT is present but in too 
small amounts to be able to form fibers. However, the precipitates 
could also consist of other aggregation prone proteins. Therefore, 
precipitates were separated from the solution by centrifugation, and 
samples from both fractions were analyzed and compared to the 
sample taken before fiber formation. In Figure 6, positions on the gel 
corresponding to the molecular weight of B-4RepCT are enclosed in 
the box. As can be seen in (1), the target protein is present before 
fiber formation. Afterwards, the target protein is not found in the 
supernatant (2) but in the pellet (3). This indicates that B-4RepCT is 
aggregation prone, as wild-type 4RepCT. However, from the current 
purifications the concentration of the target protein was too low to 
conclude anything about its ability to form well-defined fibers. Other 
proteins that are not as prone to aggregate as B-4RepCT, are found 
both in the pellet and in solution after fiber formation.  

 

 

 

 

From purifications of the soluble fractions from short time expression of C-4RepCT, fragile threads 
could be obtained and photographed. One such fiber can be seen in Figure 7 a. However, the amount 
of target protein obtained was not sufficient for use in antibacterial assays. A longer expression time at 
a lower temperature did not result in enough protein for fiber formation either. 

 

HTHQG-A-4RepCT extracted from long time expression, and purified with NaCl throughout all steps 
including silk formation, resulted in the largest protein amount obtained in this study. Long and fairly 
strong fibers could be formed from the cleaved and concentrated protein, see Figure 7 b. Also, films 
could be obtained from the same protein solution. After washing, they were photographed in 2x 
magnification, and all films seemed to have formed a stable coating, though some showed cracks.  
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Figure 6. SDS-PAGE analysis of B-4RepCT samples from 500 mM imidazole fraction, dialyzed and 
concentrated. 

1. Solution before fiber formation 

2. Solution after fiber formation 

3. Pellet after fiber formation    
   (larger amounts than 1 and 2) 
 

Figure 7. Spider silk fibers from a) C-4RepCT from short time expression and b) A-4RepCT from long time 
expression. Both pictures were taken with 2x magnification. 
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Two of the films are shown in Figure 8. Washed films made of A-4RepCT were used in antibacterial 
activity assays. 

6.5 Antibacterial activity of recombinant spider silk was studied 
To study the antibacterial activity of A-4RepCT with E. coli NovaBlue as the target bacteria, two 
analysis methods were used. First, the number of Colony Forming Units (CFU) i.e. live bacteria in 
solutions that had been incubated on silk film samples for 3 h were determined using the spread plate 
method. Additionally, bacteria that had adhered to the samples were stained with the LIVE/DEAD® 
BacLight™ Bacterial Viability kit and photographed with fluorescence filters for green and red 
emission, corresponding to viable and harmed cells respectively. As a reference to A-4RepCT, wild-
type 4RepCT (WT) was studied in parallel, as well as empty wells with no spider silk. Furthermore, a 
spider silk construct with lysines fused to 4RepCT at its N-terminus, called poly-lysine (pL) 4RepCT 
was included in the trials. This construct was used to see if a region with positive charges itself may 
have antimicrobial activity or if it is necessary to have specific antimicrobial peptides to see 
bactericidal effects.  

6.5.1 Influences of silk films on the number of bacteria in solutions  
When analyzing the number of CFU that grew on LB agar plates, the bacterial solutions from two 
wells were used for each of the samples A-4RepCT, pL4RepCT, 4RepCT(WT) and empty wells. For 
each of these eight solutions, duplicate plates were made and included in the statistics. Thus, four 
numbers were collected for each type of sample. These are presented as a boxplot in Figure 9 where 
each sample type constitutes one box each. Paired t-tests revealed significantly larger number of cells 
in empty and wild-type wells than in A-4RepCT wells, and in empty and wild-type wells compared to 
pL4RepCT, at p<0.05. No significant difference was seen between empty and wild-type wells or 
between pL4RepCT and A-4RepCT at this level. The number of cells that were present in each well 
before incubation is defined with dashed lines in the boxplot. Comparing minimum CFU values of 
empty wells and 4RepCT(WT), and maximum CFU values of pL4RepCT and A-4RepCT to these 
lines reveals that while bacteria continued to grow in wild-type and empty wells, their number were 
decreased in pL4RepCT and A-4RepCT wells. 

Figure 8. Films made of A-4RepCT, 2x magnification. 
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6.5.2 Viability of bacteria on sample surfaces 
Fluorescence images from four positions each on 4RepCT(WT) and A-4RepCT samples were 
included in calculations of the ratio of cells that were stained red and green respectively. Values are 
included in the boxplot in Figure 10 a. In average, 43 % of the cells identified on A-4RepCT films 
were stained red, whereas the corresponding number on 4RepCT(WT) films was 33 %. However, due 
to high variability within the sample types no significant difference for the proportion of red cells on 
the two types of materials was identified. 

It should be noted that some bacteria were present on images taken with both the green and red filter, 
resulting in yellow spots on merged images. Thus, such zones were included both in the sum of red 
pixels and in the sum of green pixels. Another issue encountered was that the emission from 
propidium iodide, giving rise to the red emission, was very weak. Therefore, a high exposure was 
needed to identify cells stained with this dye, which also contributed to a high background 
illumination. When increasing the contrast on images and using the color threshold function in 
ImageJ, it was hard to distinguish between spots that had arisen from stained cells and those that were 
a result of background noise. 

 

Figure 9. Number of colony forming units in solutions after 3 h incubation on each material. The dashed lines 
present the range of number of cells deposited on each sample. Boxes show how many cells that were alive after 
incubation on each material. The bold lines inside the boxes represent the median value for each material. The 
samples were: empty wells (E), wild-type 4RepCT (WT), pL4RepCT (pL) and A-4RepCT (A). 
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In Figure 10 b, the percental cell coverage on each of the image positions referred to in Figure 10 a is 
presented. It corresponds to the number of bacteria that remained after washing of the silk film 
samples. Median values and distributions are included, showing that the cell coverage on 
4RepCT(WT) films varied considerably more than on A-4RepCT films. However, the number of data 
points included in the analysis is small and no significant difference was found between the two silk 
constructs.	   

 

Figure 10. Visualization of data from images where cells were stained with the LIVE/DEAD Viability kit          
a) Percentage of red (harmed) cells in quantities of pixels, to the total number of green and red pixels 
(corresponding to viable and harmed cells respectively) on 4RepCT(WT) and A-4RepCT, b) cell coverage on 
images of 4RepCT(WT) and A-4RepCT. 
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7 Discussion 

7.1 Expression outcome 
In this work, four out of five antimicrobial peptides were successfully expressed in E. coli BL21(DE3) 
in fusion with the partial spidroin 4RepCT. This achievement provides new knowledge about 
manufacturing prospects for antimicrobial substances. In a review by Ingham et al. (2007), difficulties 
in expressing antimicrobial peptides in heterologous microbial hosts were discussed. The most 
successful expressions have previously included a protecting fusion protein that either provides 
sterical hindrance for antimicrobial activity during expression, or neutralizes the charges that the AMP 
uses to interact with microbial cell membranes.20,31 Before AMPs expressed with these strategies can 
show antimicrobial activity, the fusion tags must be cleaved off from the AMPs. This work aimed to 
produce native antimicrobial substances in fusion with spider silk proteins so that their antimicrobial 
activity remained in the silk formats. Two different construct systems were used; one without any 
protecting fusion at the N-terminus of the antimicrobial unit and the other providing a solubility tag  
N-terminally to the AMP-4RepCT, that could potentially sterically block the interactions between 
AMPs and the cell membranes of the expression host, and increase the solubility of the proteins. None 
of the construct variants seemed to have significant lethal effects to E. coli hosts during culturing. This 
could either be explained by production of inactive antimicrobial substances or that 4RepCT and/or 
the His- and solubility tags restrain antimicrobial actions. The first suggestion would explain the low 
bactericidal effects for all constructs, and since Western Blot analysis of cell samples after expression 
revealed that constructs were mainly expressed as insoluble proteins, expression as inactive peptides is 
considered to be the main reason for the normal cell growth observed. However, both C-4RepCT and 
especially HTHQG-A-4RepCT could also be expressed in significant amounts as soluble proteins. A 
larger amount of soluble HTHQG-A-4RepCT was obtained with long time rather than short time 
expression, whereas the opposite was observed for C-4RepCT. This may be due to an unfavorable 
toxic influence from C-4RepCT on the host, which could result in an increased fraction of bacteria 
lacking the expression vector. Regarding HTHQG-A-4RepCT, it is likely that the N-terminal tag 
sterically prevents Peptide A from having bactericidal effects during expression. This could explain 
the increase in amounts of soluble target proteins obtained with a slower expression rate, without 
affecting the viability of the host cells. 

The major concern for acquiring antimicrobial spider silk proteins was that the main part of the 
expressed proteins was found in the non-soluble fraction. In older studies, Enzyme E expressed in     
E. coli have shown a high tendency to form inactive inclusion bodies.10 When succeeding to express 
active, folded Enzyme E in E. coli, Fischer et al. (1993) discuss that a slower expression at 37°C 
instead of 40°C increased the amount of soluble enzyme obtained. However, they also observed a 
slower cell growth 2 h after expression and a negative growth rate after 5 h. Various expression times 
and temperatures can be tried for E-4RepCT to see if an even lower temperature can yield soluble     
E-4RepCT. A prolonged, slow expression is an approach also worth trying for HTHQG-B-4RepCT 
and D-4RepCT.  

D-4RepCT was the only target protein that could not be found in cell cultures after expression, neither 
in the soluble nor the non-soluble fraction. Why expression outcome of this construct differs explicit 
from the others is not known. Peptide D has been expressed in E. coli before, though in the form of 
inclusion bodies. Interestingly, this was achieved in fusion with Enzyme E which also is considered 
tricky to produce recombinantly.10,38 Among the AMPs included in this work, Peptide D is the longest 
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peptide, consisting of 31 amino acids. It is the only of the chosen sequences whose secondary structure 
is not yet resolved and published on RCSB Protein Data Bank. Using the PROF secondary structure 
prediction system39 from Aberystwyth University, it is suggested that amino acids 3-19 have 
propensity to form an alpha-helical structure. However, the C-terminus contains a hydrophobic, 
repetitive sequence of five amino acids that is predicted to form beta sheets. This region may lead to 
inconvenient interactions between the AMP and the repetitive Ala-Gly rich regions of 4RepCT, which 
in turn may cause unfavorable or interrupted translation by sterical hindrance. Like Peptide D, Peptide 
C also possesses a hydrophobic region but at its N-terminus, and its hydrophobicity is diminished by 
two separated positive charges. Therefore, similar hydrophobic interactions with 4RepCT are unlikely. 

7.2 Purification efficiency 
The purification processes performed herein generally resulted in low protein yields and impure 
samples. The low concentrations were principally a consequence of the low ratio of soluble to 
insoluble proteins obtained from expressions. The impurities can be a result of low concentrations of 
target proteins since there is room for unspecific binding of charged or histidine containing E. coli 
proteins to the columns when the His-tagged target proteins are too few to fill the binding sites.  

Purification from urea dissolved pellet was only performed for C-4RepCT, one of the two constructs 
that had shown potential to form silk fibers. As expected, the proteins recovered during this 
purification precipitated when urea was removed by dialysis. With urea in solution, the native fold of 
4RepCT is disrupted, and it may be difficult for these aggregation prone proteins to fold into stable 
monomers again when urea is removed, thus leading to precipitation before fiber formation.  

Upon dialysis, the eluted proteins from native purifications precipitated in most cases. SDS-PAGE 
analysis revealed that aggregates contained proteins with varying molecular weight, including the 
target proteins. Since fusion proteins containing 4RepCT are particularly prone to aggregate, 
precipitation of other proteins may be induced and accelerated in its presence.  

7.3 Structural impacts 
Both in solutions from the urea purification of C-4RepCT and when assembling B-4RepCT, 
aggregates were obtained instead of discrete silk fibers. This has been seen for 4RepCT proteins when 
they are present in too low concentration to form fibers, and thus it is not excluded that these 
constructs may possess the ability to form silk fibers using the right conditions. Nevertheless, both    
A-4RepCT and C-4RepCT have proven to be able to form silk-like structures with the antimicrobial 
peptides added N-terminally to 4RepCT.  

Peptide A and Peptide C consist of 23 and 25 amino acids, respectively, with 4 and 7 positive charges 
distributed along their chains. Peptide B is smaller with only 14 amino acids and it is therefore likely 
that it won’t lead to noticeable sterical hindrance for 4RepCT regions to stack into spider silk 
structures in any higher degree than the two former sequences.  

A visualization of the properties of the antimicrobial peptides used in this study is shown in Figure 11. 
Hydrophobic residues and charges are shown by color, and structure predictions are visualized above 
each sequence. For Peptide A, Peptide B and Peptide C, PDB structures are depicted and positions 
where amino acids differ from the sequences used in this work are marked with asterisks. Note that the 
structure of Peptide C was determined using X-ray crystallography and does not reveal the secondary 
structure of the peptide in solution. Likewise, Peptide A may not represent the peptide in aqueous 
solution since the NMR structural determination is declared to mimic the initial binding of Peptide A 
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to membranes. The structure of Peptide B was also determined by NMR whereas the secondary 
structure of Peptide D was predicted using the PROF prediction tool, as mentioned earlier.  

In Figure 12, helical wheel projections of the four AMPs generated from the RZ lab script “Helical 
Wheel Plotting”40 are shown, as a visualization of how residues with various properties are distributed 
in regions that forms helices. Note that only regions predicted to form helices according to Figure 11 
were included in the helical wheels (except for Peptide B, for which the whole sequence was 
included), and that those structural predictions do not correspond to peptides in aqueous solution in all 
cases, as indicated above. One could speculate that peptides with hydrophobic residues at one discrete 
side of the helical cross section and hydrophilic properties on the other side may easier aggregate since 
hydrophobic regions would then be able to hide firmly in close proximity to each other. However, 
Peptide A is the peptide with the most discrete regions of amino acid types, but this is the structure 
that was easiest to enrich in soluble forms and to make spider silk of. Interestingly, Peptide D, which 
could not be expressed at all under the reported conditions, has the most equal helical wheel projection 
to Peptide A. What differs between the two peptides is how the charges and hydrophobicity are 
distributed along the chains (Figure 11) rather than in the cross section of a helix (Figure 12) and here, 
Peptide D has a compact hydrophobic region at its C-terminus that may cause troublesome 
interactions with 4RepCT.  

Peptide B has a predicted beta sheet structure in solution, but when a helical wheel projection is made 
of the whole sequence, it resembles the property distribution of A-4RepCT, just not providing as 
distinct regions as its compeer. Peptide B has the highest charge density among the AMPs presented 
here, and it is not excluded that this may have contributed to yield smaller amounts of expressed target 
proteins. Peptide B was expressed with the HTHQG-solubility tag and could therefore potentially 
show the same response to a long time expression as A-4RepCT; to yield an increased amount of 
soluble proteins.  

The reason that C-4RepCT was one of the top two sequences with a comparably high proportion of 
soluble proteins according to Western blot analysis may be that this peptide shows an equal charge 
distribution both along the peptide horizontal axis and in the cross section of the helix, which could 
make it quite stable in water. However, why this construct shows unusually high aggregation 
tendencies during purification remains unsolved. 

 

Figure 11. Structural properties of the antimicrobial peptides A, B, C and D. Green residues are positively 
charged, red are negative. Phe, Trp and Tyr are dark grey for strong hydrophobicity whereas medium grey 
coloring shows less hydrophobic residues. Above each sequence, its predicted structure according to PDB (A, B 
and C) or the PROF secondary structure prediction tool (D) is shown; asterisks are shown beneath residues that 
differs from the PDB sequences. An arrow indicates beta sheet structure, a blue helix indicates helical structures 
and the orange bend symbolizes turns. 
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All antimicrobial sequences examined here have a positive net charge, at least +3, which makes it 
possible that the created fusion proteins repel each other. This may inhibit native 4RepCT stacking 
into spider silk structures and promote randomized aggregations instead, where smaller crumbs stay 
separated. Such effects have been seen here, especially during over night dialysis. Adding NaCl did 
decrease aggregation of C-4RepCT during dialysis, which may be the effect of salt ions stabilizing the 
cationic monomers. Presence of NaCl also improved the purification of cleaved A-4RepCT. Without 
salt, target proteins bound unspecifically to the chelating matrix of the columns, but when salt was 
present these interactions were minimized. This indicates a neutralizing and stabilizing effect of NaCl 
to A-4RepCT. However, it is not certain that salt enhances protein properties in all process steps for 
each construct, since hydrophobic interactions are concurrently reinforced in the presence of salt, 
which is not always beneficial.  
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Figure 12. Helical wheel projections of regions with helical forming propensities in Peptide A, Peptide B, 
Peptide C and Peptide D. Amino acid intervals included are assigned inside the corresponding wheel. 
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7.4 Antibacterial activity 
From the CFU counting, it was concluded that less bacteria were present after 3 h incubation in wells 
with pL4RepCT and A-4RepCT. Thus, E. coli were not only inhibited to grow in the presence of poly-
lysine and Peptide A, but a substantial part of them were killed. In wells with 4RepCT(WT) and wells 
without silk films, bacteria proliferated during incubation. 

However, no significant difference could be identified between 4RepCT(WT) and A-4RepCT when 
studying the proportion of viable E. coli on respective materials, Figure 10 a. Several reasons may 
contribute to this. One suggestion is that bacteria detaches from the silk film when their membranes 
are disrupted. However, by looking at the cell coverage on 4RepCT(WT) and A-4RepCT films in 
Figure 10 b it cannot be concluded that there are significantly less cells on A-4RepCT, which would 
be a consequence of such detachment behavior. To investigate this further, the cell suspensions that 
were removed from the sample wells, and thus would contain the main amount of dead bacteria, can 
be analyzed with the BacLight Viability kit as well. The standard protocol for the kit is intended for 
analysis of solutions rather than surfaces, so it is likely that the performance of the fluorophores will 
increase if they are used in this way. Herein, the solutions with fluorophores were applied as drops on 
the silk films, and these drops seem to contribute to a high background scattering of the fluorescence. 
However, studies of the antimicrobial activity of Peptide A and Enzyme E immobilized on metal 
surfaces have previously been successfully performed using the same kit and procedures.9,16 

It is worth to notice that the solution of A-4RepCT that were used to form the films included in the 
activity assays still contained impurities even if purification was done in two steps. Most impurities 
were probably removed when the films were washed, but the amount of A-4RepCT present on the 
samples during the activity assay was presumably lower than stated. Thus, a significant difference 
between the antimicrobial activity of A-4RepCT and 4RepCT(WT) is still justified. 

The mechanism of the fluorophores used in the BacLight assay is that SYTO 9 binds to nucleic acids 
in both viable and harmed bacteria and emits green light upon binding, whereas propidium iodide only 
enters cells with disrupted cell membranes. When this occurs, propidium iodide should outrival  
SYTO 9 so that dead cells emit red light. In these trials, propidium iodide did not seem to be effective 
enough to compete with SYTO 9 in all cases, and hence some cells were detectable with both 
fluorescence filters. When merging images from both filters, these bacteria look yellow, or in cases 
where the red fluorescence is especially weak, harmed bacteria look green. Incomplete outrivaling of 
SYTO 9 thus constrains image processing and analyzes. 

Since a droplet of the fluorescent dyes was added to each silk film sample after removal of the 
bacterial suspensions and washing, it is not certain that the bacteria captured on the micrographs are 
really attached to the surface. Instead, they may be alive inside the drop added to the surface, out of 
reach from the immobilized antimicrobial substances. Confocal microscopy is an approach that could 
give more information about how viability varies for bacteria lying directly on the film and bacteria at 
short distances from the surface. It would also allow for a better magnification and resolution of 
images. 

7.4.1 Antibacterial mechanisms 
In a study by Humblot et al, the antibacterial activity of Peptide A immobilized onto Self-Assembled 
Monolayers on gold surfaces were studied.16 As in this work, they combined CFU counting with the 
BacLight Viability kit. However, their results were different. They observed that almost all bacteria 
that adhered to Peptide A coated surfaces were stained red with the fluorescence kit, whereas most 
bacteria on reference materials were green. Meanwhile, CFU counting did not imply that more 
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bacteria were killed in solutions incubated on Peptide A compared to the references. They explain this 
by concluding that the immobilized Peptide A has a bacteriostatic rather than bactericidal activity, 
since their surfaces may hold a too low concentration of Peptide A to enable formation of complete 
pores through bacterial cell membranes. In contrast, this work reveals that Peptide A immobilized on 
4RepCT spider silk results in less living bacteria in solution then compared to references, even if cells 
on, or at least close to, the antimicrobial films are still viable. This indicates that other mechanisms 
may be acting. For example, the poly-lysine 4RepCT silk also decreased the number of cells in 
solutions. A chain of lysines should not be able to create pores in the cell membrane since it doesn’t 
contain any hydrophobic regions that would interact with the inner core of the membrane. Thus, its 
positive charges seem to affect the membranes enough to harm the bacteria, probably through 
interactions with the negative phospholipid head groups on the membrane surfaces; the same should 
apply to Peptide A with its four positive residues. This is consistent with the theory that some AMPs 
harm cells by depolarizing the membrane of their target microbes, rather than penetrating the lipid 
bilayer.1 Whether Peptide A also has a membrane penetrating mechanism when immobilized in 
4RepCT spider silk cannot be ascertained from these trials. In subsequent trials, it is interesting to 
apply the antimicrobial assays on other microorganisms. 

7.5 Assessment of strategies  
This work aimed to use recombinant protein technology to construct spider silk proteins in fusion with 
five antimicrobial substances, to examine their ability to form silk fibers and to assay the antibacterial 
activity for the most promising target protein. Cloning is an effective strategy when aiming to design 
new proteins with combined properties. Fusion proteins produced in microbial expression systems can 
be modified on DNA level and issues such as solubility difficulties or toxicity to expression hosts can 
be maneuvered using additional fusion partners that can be cleaved off from the target protein after the 
production, as demonstrated in this work. Using two different construct systems, a general strategy 
showing potential for succeeding with a variety of antimicrobial spider silk constructs could be 
resolved. The recommendation for further studies is to use a construct system providing a solubility 
tag at the opposite side of the antimicrobial sequence than the spider silk sequence. This will provide a 
protecting fusion during expression that can be cleaved off from the expressed target proteins, and 
removed during a second purification step. Using a two-step purification also increases the potential to 
get purer samples. 

Using E. coli as an expression host provides a cheap and adaptive way to produce native proteins 
without the need of additional chemicals, and by using this strategy to incorporate peptides into spider 
silk, a gentle immobilization strategy that gives a base for new biomaterials are proposed. With 
recombinant protein technology and E. coli production, four of the constructs could be expressed. By 
varying culturing conditions during expression, the amount of soluble proteins could be improved. 
Equivalent evaluations for B-4RepCT, D-4RepCT and E-4RepCT are suggested. 

An essential part of the project was to optimize the purification procedure for each construct. 
Unfortunately only two constructs could be purified in sufficient amounts to examine their silk 
formation abilities within the frames of this project. However, to work with several constructs in 
parallel opened up for discovering more parameters that may be beneficial to manage. A more general 
knowledge could be derived from the experiments, even if the scope of the work had to be narrowed 
over time so that only one construct was eventually assayed for antibacterial activity. Then again, 
proposals for the continuance of the work have meanwhile been resolved. 
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In health care, there is a great need of antimicrobial materials that can replace conventional antibiotics. 
In the search for resistant-resilient alternatives with broad activity, it is important to find a strategy 
with potential for large-scale production. Proving that antimicrobial spider silk can be expressed in    
E. coli is a step towards this. In this work, recombinant spider silk with the antimicrobial substance 
Peptide A were successfully produced and processed into spider silk fibers and films, and showed 
bactericidal activity in a CFU counting assay. This and similar antimicrobial spider silks have 
potential to be suitable as the base for novel, functionalized wound dressings. Thus, further activity 
and biocompatibility studies are recommended.
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8 Conclusions 

This work establishes that Peptide A, Peptide B, Peptide C and a charge engineered Enzyme E can be 
expressed in E. coli in fusion with the engineered spider silk sequence 4RepCT and that the target 
proteins are mainly found in the non-soluble fraction. By comparing two construct systems and 
varying expression and purification conditions, a strategy for obtaining adequate amounts of 
antimicrobial spider silk was developed. The results obtained herein suggest that it is advantageous to 
include a solubility-enhancing domain N-terminally to the antimicrobial substance, to prevent 
antibacterial activity during expression. When this was applied for HTHQG-A-4RepCT, the yield of 
soluble target proteins was increased with long time expression at a low temperature. The same design 
and expression strategy is suggested for further optimization of the production of the other constructs, 
to see if a larger amount of soluble target proteins can be obtained with this approach.  

The two constructs A-4RepCT and C-4RepCT were proven to possess the ability to form spider silk 
fibers. B-4RepCT showed aggregation tendencies, which does not exclude the possibility that it may 
be able to form silk if it is assembled in larger amounts. After further optimization of expression and 
purification conditions, it is desirable to determine silk formation properties of the remaining target 
proteins.  

Antibacterial activity assays performed on silk films of A-4RepCT, a positively charged spider silk 
construct poly-lysine (pL) 4RepCT and wild-type (WT) 4RepCT revealed that E. coli incubated on 
4RepCT(WT) continued to proliferate, whereas the number of E. coli decreased during incubation in 
presence of A-4RepCT and pL4RepCT films. This indicates that both A-4RepCT and pL4RepCT 
films have antibacterial activity. Their positive charges are believed to be important for this 
mechanism. However, LIVE/DEAD staining of adhered bacteria on silk films did not show any 
significantly higher degree of harmed bacteria on A-4RepCT than on 4RepCT(WT). Thus, the 
viability of bacteria in contact with the presented materials should be investigated in more detail and 
with complementary techniques. 
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Appendix A - Project model 

General work outline 
In the project plan, a general outline for the project was presented as a sum of three main blocks 
overlapping each other in time;  

a) An introductory phase where literature is studied, planning documents are written and initial 
laboratory sessions are performed  

b) The laboratory phase, the longest period of the project, including continuous documentation and 
writing for the report 

c) Completing the report when experiments are finished, and preparing and presenting an oral 
presentation of the project 

During this time, five main tollgates were set in terms of deliveries to the examiner; 
  Project plan 

  Half-time report 
  Report draft  
  Final report 
  Final presentation 

Time plan 
To ensure continuous advances and facilitate reaching the goals of the project, a work breakdown was 
made and arranged in a time plan as shown in Figure A1. This overview visualization of the workflow, 
in forms of a Gantt chart, was used as a resource for keeping a good working pace and to ease the 
continuous evaluation of the work progress. This in turn facilitated identification of deviations and 
updating of plans so that the possibility to reach the project goals was enhanced. 

 
Figure A1. The workflow visualized in an activity based time plan. Deliveries are shown with arrows. 

In the time plan, organizational and documentary tasks are shown in green and laboratory work in 
blue. The light blue period following the cloning could be used for continuing the cloning trials with 
sequences that were not successfully cloned in the first experiments, if there would be time to do this 
in parallel with the ongoing work with sequences that were already cloned.  
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At half-time, the work progress was evaluated in a half-time report together with the updated time plan 
showed in Figure A2 reporting the procedure as realized so far, and with adjusted task distributions.  

 
Figure A2. The updated time plan presented in the half-time report. The area in grey had then already been 
past and the blocks in this section shows the actual work that had been done.  

Figure A3 shows the actual progress for the whole project. Regions with lighter colors in Figure A3 
indicate that other tasks were prioritized during this period. 

Figure A3. Time distribution of the executed work. 

It was remarkable that four out of five constructs could actually be expressed in a bacterial host, but it 
turned out to be harder than presumed to obtain adequate amounts of soluble target proteins. Thus, it 
took longer than expected to get sufficient amounts of spider silk materials for the antibacterial assays, 
so they had to be introduced later than planned. Due to the postponed fiber formation and activity 
assays, the report writing were allocated in blocks instead of following the flow suggested in the 
original time plan. Also, antibacterial assays could only be made on one construct. In general, the 
original time plan was applicable for the stated tasks, and it was used as a tool for continuous 
evaluation when making decisions of priorities for ongoing work, and to keep time limits of the 
project. It was beneficial to start with several sequences to work with in parallel, since it contributed to 
a flexibility in the time plan that allowed for continuous progress even when some sequences needed 
more efforts than others. 
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Risk analysis 
Potential occasions that may influence the work negatively were identified at the project start and are 
presented in the table below together with analyzes of the consequences it was believed to possess a 
risk for, and precautions to be made to avoid such outcome. The risks are ranked using a number 
(level) calculated from the product of the probability (P) that the risk occurs, and the severity of the 
consequence (C) if it occurs. Both parameters are used in a scale of 1-5. A higher level indicates a 
more severe risk, which means that certain awareness should be taken for it. 

Risk P*C Level Measures to be taken/Consequences 

Troubles to find the right 
genes in the transformed   
E. coli 

2*3 6 Incomplete cleavage of inserts/vectors or bad 
ligation may be the cause. Plasmids may be 
amplified to redo experiments many times but the 
time plan may be delayed. Retries can be made in 
parallel with continuing trials for the sequences that 
has succeeded so that the whole project won’t have 
to be delayed. 

Low expressions or dying 
E. coli due to antimicrobial 
activity of the expressed 
proteins 
 

4*4 16 A vector with an IPTG regulated promoter is used, 
so that antimicrobial peptides won’t be expressed to 
early but in large amounts at a given time point. If 
levels are low, E. coli will be grown at other 
conditions. Several different peptides will be used 
as fusion partners to increase the likelihood of 
getting some successful expressions. 

Small amounts of protein 
gained after purification 
 

3*3 9 This may lead to reduction of the amount of 
antibacterial assays that can be performed. 
Experiences from co-workers will be taken into 
account and experiments will be remade to get at 
least a small amount of protein each time. 

Troubles with silk 
formation due to hindrance 
from the fused peptide 

1*5 5 Silk formation has succeeded with other fusion 
proteins. There are three different formulas to try 
which increases the likelihood of being able to do 
some material, and there is a lot of experience from 
these procedures among the coworkers. 

With various severity, all identified risks were experienced except for troubles with silk formation due 
to hindrance from the fused peptides. That small amounts of target protein could be extracted from 
cells were not a consequence of toxicity to cells from expressed proteins but the fact that most target 
proteins were expressed in the non-soluble fraction. The occurring risk with most impact on the work 
was that small amounts of protein were gained after purification, since it turned out that all target 
proteins were unusually prone to aggregate. Varying salt contents in solutions could help to partly 
overcome these issues, but further optimization is needed. To assess the risks before starting the 
project helped for setting up flexible and carefully prepared plans. The most important action for 
preventing severe delays was that work was conducted on several constructs in parallel, so that 
experiments could continue on some constructs when re-planning were needed for others. 
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Evaluation strategy 
The outcome of the work was continuously compared to the time plan presented in Figure A1, and at 
half-time, a new time plan was made based on the progress achieved so far, in accordance to the 
original plan of project evaluation. Detailed plans were set in cooperation with the supervisors each 
week, and progress summaries were written continuously to document the choice of actions upon 
updates of the work strategy. At half-time, a report was written to state the work progress so far, to 
discuss delays and time plan updates and elucidate the state of objective achievement at the time. The 
strategy worked very well, resulting in a workflow that kept the overall time limits of being managed 
in 20 weeks, still fulfilling the aims of the project.  


