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Summary 
 

The development of simple, efficient and fast methods for enzyme recycling is of 

increasing importance both for academic and industrial applications. A very promising 

approach is inverse transition cycling (ITC) that exploits the temperature dependent 

aggregation properties of ELPs. Elastin-like polypeptides (ELP) are artificial polypeptides 

composed of pentameric repeats (Val-Pro-Gly-Xaa-Gly) derived from mammalian 

elastin. 

ELPs are characterized by a specific transition temperature (Tt) that depends on the amino 

acid composition of the pentapeptide; they are soluble in aqueous buffers below and 

aggregate reversibly above this narrow temperature range (Tt). These properties are 

transferred to target proteins by N- or C-terminal fusion with ELPs. During ITC these 

fusion proteins precipitate while other components remain in solution. A cycle of heating 

and cooling allows simple and multiple recovery of the target protein. 

Although the number of application of ELP tags for purification of recombinant proteins 

is increasing there is very little variety of tags for using them in ITC under variable 

conditions. ELPs used for ITC purification are not optimized for most biotechnological 

processes since they need at least 2-3 M NaCl for reducing Tt to be in the range of 40°C 

to 60°C. Available toolbox of ELPs suitable for very different reaction conditions is 

desirable. To this end various ELPs were synthesized by using solid phase peptide 

synthesis (SPPS). They consist of 10 pentapeptide repeats and including different guest 

residues by placing aliphatic, negatively or positively charged amino acids in the fourth 

position of the pentapeptide. The transition temperature of all synthetic ELPs was 

determined by measuring turbidity in solution. In order to test if ELP properties can be 

efficiently transferred to fusion proteins ELP was fused to a small recombinant protein 

(Ras-binding domain, RBD) by expressed protein ligation. Among the synthetic ELPs 

ELP[A1L4-10] was one of the tags that had the characteristics which fit to the recycling 

conditions of the target enzymes (cellulase and xylanase) in industrial processes. 

Therefore ELP[A1L4-50] was chosen to be fused genetically to cellulase and xylanase for 

investigating the thermal phase transition behavior on the laboratory scale. Both cellulase-

ELP[A1L4-50] and xylanase-ELP[A1L4-50] demonstrated inverse phase transition and 
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aggregated fusion proteins were successfully resolubilize after the first cycle of heating. 

In case of cellulase-ELP[A1L4-50] the addition 200 mM salt was sufficient to reduce Tt to 

60.6°C.  

Furthermore, inverse phase transition characteristics of cationic and anionic ELPs were 

investigated. ELP[I3K2-10] and ELP[I3E2-10] were synthesized, purified and afterwards 

the effect of different salts on Tt was systematically examined. The cationic ELP was 

more sensitive to monovalent cations but anionic ELP aggregated in the presence of 

divalent cations. On the other hand both of these charged ELPs were more affected by 

divalent anions (sulfate). It was also observed that a different charge distribution in an 

ELP had almost no effect on Tt but influences solubility, e.g. the solubility of ELP[IKIKI-

10] is enhanced when compared to ELP[I3K2-10].Then the overall charge is not changed.  

 

In a second project peroxiredoxin 1 (Prx1) was site-specifically acetylated at Lys 197 

using expressed protein ligation (EPL). A C-terminal peptide consisting of 4 amino acids 

(CK(Ac)QK) containing an acetylated lysine residue was synthesized via SPPS and S196 

was substitute by a cysteine residue required for native chemical ligation. The major part 

of Prx1(aa1-195) was expressed in E.coli in fusion with an Mxe intein. Both segments 

were successfully ligated. This semisynthetic strategy allowed access to selectively 

acetylated Prx1 and investigations of the deacetylation reaction by human Sirtuin 5.  
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Zusammenfassung 
 

Die Entwicklung einfacher, effizienter und schneller Methoden für die Rückgewinnung  

von Enzymen ist von wachsender Bedeutung für akademische wie industrielle 

Anwendungen. Das „Inverse Transition Cycling“ (ITC) ist ein sehr vielversprechender 

Ansatz, der auf dem temperaturabhängigen Aggregationsverhalten von ELPs basiert. 

Elastin-artige Polypeptides (ELP) sind artifizielle Polypeptide, die aus Pentamer-

Wiederholungseinheiten (Val-Pro-Gly-Xaa-Gly) bestehen, welche auf das Protein Elastin 

zurück gehen.  

ELPs zeichnen sich durch eine spezifische Übergangstemperatur (Tt) aus, die durch die 

Zusammensetzung der Aminosäuren des Pentamers gesteuert wird. Unterhalb dieses 

schmalen Temperaturbereichs (Tt) sind die ELPs in wässrigen Puffern löslich, wogegen 

sie oberhalb reversibel aggregieren. Diese Eigenschaften werden auf Zielproteine 

übertragen, indem diese N- oder C-terminal mit den ELPs fusioniert werden. Während 

dem ITC werden diese Fusionsproteine ausgefällt, wobei andere Bestandteile in Lösung 

bleiben. Ein Zyklus aus Erwärmen und Abkühlen erlaubt eine einfache, und auch 

mehrfache Rückgewinnung der Zielproteine. 

Obwohl die Anzahl an Anwendungen von ELP-Tags für die Reinigung rekombinanter 

Proteine zunimmt, gibt es nur eine kleine Auswahl an Tags, die im ITC verwendet 

werden können. Die ELPs, die am häufigsten für die ITC-Reinigung verwendet werden, 

sind nicht für biotechnologische Prozesse optimiert, da sie Konzentrationen von 

mindestens 2-3 M NaCl benötigen, um die Tt auf etwa 40-60°C zu senken. Die Nachfrage 

nach einem variablen Sortiment verschiedener ELPs besteht. 

Zu diesem Zweck wurden verschiedene ELPs mittels Festphasenpeptidsynthese 

hergestellt, die aus zehn Pentapeptid-Wiederholungseinheiten bestehen und 

unterschiedliche Gastaminosäuren beinhalten, indem aliphatische, negativ oder positiv 

geladene Aminosäuren an der vierten Stelle des Pentapeptids plaziert wurden. Die 

Übergangstemperatur aller synthetisch hergestellten ELPs wurde durch 

Trübungsmessungen ermittelt. Um zu überprüfen, ob die Eigenschaften der ELPs sich 

effizient auf die Fusionsproteine übertragen lassen, habe ich die ELPs mittels Expressed 
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Protein Ligation mit kleinen rekombinanten Proteinen verknüpft (Ras-Bindungsdomäne, 

RBD). 

Von den synthetisch hergestellten ELPs wies das ELP[A1L4-10] die vorteilhaftesten 

Eigenschaften auf, die für die Rückgewinnung der Zielproteine Cellulase und Xylanase in 

industriellen Prozessen benötigt werden. Daher wurde ELP[A1L4-50] mit Cellulase und 

Xylanase fusioniert, um das Phasenübergangsverhalten im Labormaßstab zu untersuchen. 

Sowohl Cellulase-ELP[A1L4-50] als auch Xylanase-ELP[A1L4-50] zeigten einen inversen 

Phasenübergang und die aggregierten Konstrukte konnten auch wieder erfolgreich in 

Lösung gebracht werden. Im Fall von Cellulase-ELP[A1L4-50] reichte die Zugabe von 

nur 200 mM Salz aus, um eine Verringerung von Tt auf 60.6°C zu erzielen. 

Darüber hinaus wurde der inverse Phasenübergang kationischer und anionischer ELPs 

untersucht. ELP[I3K2-10] und ELP[I3E2-10] wurden synthetisiert und gereinigt und 

danach wurde der Einfluss verschiedenster Salze auf Tt überprüft. Tt des kationischen 

ELPs war empfindlicher gegenüber monovalenter Kationen, wobei das anionische ELP in 

der Anwesenheit bivalenter Kationen aggregierte. Andererseits wurden diese beiden 

geladenen ELPs stärker durch bivalente Anionen (Sulfate) beeinflusst. Desweiteren 

wurde beobachtet, dass eine unterschiedliche Ladungsverteilung innerhalb eines ELPs 

fast keinen Effekt auf Tt hatte, aber die Löslichkeit verbessern kann. So hat sich z.B. die 

Löslichkeit von ELP[IKIKI-10] gegenüber ELP[I3K2-10] verbessert. 

 

In einem zweiten Projekt wurde Peroxiredoxin 1 (Prx1) mit Hilfe der Expressed Protein 

Ligation (ELP) spezifisch am Lysin 197 acetlyiert. Das C-terminale Peptid, das aus vier 

Aminosäuren (CK(Ac)QK) besteht, wurde mittels Festphasenpeptidsynthese hergestellt, 

wobei S196 durch ein Cystein ersetzt wurde, das für die native chemische Ligation 

benötigt wird. Der Hauptteil des Prx1 wurde in E.coli in Fusion mit dem Mxe-Intein 

exprimiert. Beide Segmente wurden erfolgreich ligiert und das Ligationsprodukt wurde 

mittels RP-HPLC gereinigt. Dieser semisynthetische Ansatz ermöglichte den Zugang zu 

selektiv acetyliertem Prx1, das in Studien zur Deacetylierung durch humanes Sirtuin 5 

eingesetzt werden konnte. 
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Introduction 
 

 

1.1 Enzyme in Industrial Processes 

 

 A catalyst increases the rate of a chemical reaction and is not changed in the 

process.  The catalyst that enhances the rate of a biological process is called biocatalyst. 

Biocatalysts are mostly proteins (commonly called enzymes) and sometimes RNA 

(ribozymes).1 Enzymes are highly efficient catalysts,2,3 and they can bind specifically to a 

very broad range of molecules.4 There are a few good reasons why enzymes are used in 

preference to chemical catalysts such as being derived from renewable resources, being 

biodegradable, working under relatively mild conditions of temperature and pH, and 

being specific in the case of both reactant and product stereochemistry.5 

 

One area in which modern biotechnology has been heavily applied is production of 

enzymes for industrial processes. This application can be observed from detergents to 

beer making, over 500 different products. In the past 30 years the role of enzymes as 

catalysts in industry has dramatically grown.  

Industrial enzymes are divided into three general categories. The largest termed technical 

enzymes consist of enzymes that are being used in the detergent, starch, textile, leather, 

pulp and paper and personal care industries. The second largest group is food enzymes, 

such as enzymes being used in the dairy, brewing, wine, juice, fats, oils and baking 

industries. The third segment consists of feed enzymes used in animal feeds. 

One of the notable advantages of replacing chemical catalysts with enzymes in industrial 

process is environmental benefits. In comparison to the chemical treatments, enzymes 

consume less energy and chemicals.6 However, often naturally available enzymes are not 
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1.1.1 Enzyme Recycling  

 

From the last decades of 19th century, when the industrial application of enzymes has 

started, scientists tried to find a way to reuse enzymes in industrial processes.12 In recent 

years enzyme recycling is a research area that has developed considerably. Different 

strategies have been created for enzyme recycling, such as entrapment in enzyme 

membrane reactors,13 encapsulation in polymer gels,14 cross-linking,15,16 and 

immobilization on solid supports.17 

One of the most crucial points in enzyme recycling is retaining enzyme activity. 

Evidently, an enzyme without sufficient activity is useless in any industrial process. It has 

been proven in several investigations that different enzymes remain active even after 

multiple cycles in the process.18,19 Although the activity of an enzyme may be reduced 

with each recycling step20, enzyme recycling has considerable economic benefits. 

Enzyme cost can be half or more of the total cost of the whole process,21 so enzyme 

recycling can efficiently reduce this cost. 

 

 

1.1.2 Enzyme Immobilization 

 

The term  immobilized enzyme  was first suggested by Ephraim Katchalski-Katzir at the 

first Enzyme Engineering Conference, held at Henniker, New Hampshire, USA , in 1971, 

to describe ʻ enzyme physically confined or localized in a certain defined region of space 

with retention of their catalytic activities, and which can be used repeatedly and 

continuously ʼ.22  

Many different methods for enzyme immobilization have been created and defined in the 

literature, but few have been scaled up and commercially applied.23 Some of these 

methods can be seen in Figure 1-2. Similar as many other methods and strategies in 

biotechnology, enzyme immobilization has both advantages and disadvantages. 

Application of immobilized enzymes in industrial processes facilitates reactor operation 

and controls as well as purification recovery of the products.22 Another advantage is the 

possibility to use both continuous and batch formats in the process. Immobilized enzymes 
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Another point to mention here is about economic issues of immobilized enzymes. There 

are several and different viewpoints about enzymes. There is an idea that industrial 

enzymes are extremely expensive and based on this opinion there was the motivation for 

creating immobilized, reusable biocatalysts.24,25 There is also another opinion that 

believes the contribution of an enzyme to the cost of the final product is beneficial.25  

In fact for enzyme immobilization some extra costs should be spent for carrier, fixing 

agents and immobilization process itself.23 Alternative methods that can help recycling 

enzymes in the soluble state should be highly superior to enzyme immobilization.    

 

1.1.3 Inverse Transition Cycling  

 

One of the most well-known and powerful methods for protein purification is affinity 

chromatography.4 But like other methods, this method is useful and applicable on the 

laboratory scale for protein purification and on larger scale can cause extra costs. 

Therefore, more economical, efficient and simple methods are needed for soluble protein 

purification in large-scale. Inverse transition cycling (ITC) has the potential to be applied 

for enzyme recycling. ITC is a method based on reversible phase transition of elastin-like 

polypeptides (ELPs).26 Elastin-like polypeptides are thermo sensitive polypentapeptides 

with consensus sequence of Val-Pro-Gly-Xaa-Gly. The forth amino acid (Xaa) is termed 

guest residue and can be any natural amino acid except prolin. ELPs are soluble in water 

and aqueous buffers below their inverse transition temperature (Tt), but with increasing 

the temperature aggregation occurs within a small temperature rang (2-3oC).27-29 This 

process is reversible at which by cooling down to temperatures lower than Tt ELP re-

solubilized. 30,31 ELP fusion proteins can retain this property of ELP and undergo 

reversible phase transition like free ELPs,26,32 which is useful because the aggregated 

fusion protein can be easily gathered via centrifugation or filtration while the components 

remain in the supernatant. As the phase transition is reversible, ELP fusion proteins can 

be re-solubilized again.33 one of the most valuable point of this phase transition is that 

only the ELP part aggregates and the fused target protein/enzyme does not. The 

aggregated state of free ELPs contains approximately 60% water and 40% 

polypentapeptides (w/w).34 This amount of water is sufficient to keep fused protein 

hydrated and to prevent denaturation.33  
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In the final cycle, the pellet can be resuspended in a suitable buffer. After the heating-

cooling cycles, depending on the application of ITC, the target protein can be cleaved 

from ELP but in case of enzyme recycling ELP tag should remain fused to enzyme. For 

instance, if the aim of ITC is protein purification, there is no need to have ELP attached to 

the protein. Then the ELP can be removed by using a site-specific protease (this enzyme 

can also be fused to ELP) and after having the final round of ITC, the cleaved ELP is 

removed from target protein. Another method to remove target protein from fused ELP is 

applying self-cleaving inteins between ELP and protein.38 The self-cleaving method has 

some advantages over the method that removes the ELP by protease. Applying protease 

will add one extra step to ITC and this will result in more cost too and also in some cases 

due to the inadequacy of specificity, protease may attack the target protein instead of 

digesting the linker between protein and ELP.39 

 If the aim of applying ITC is to recycle enzyme in an industrial process, then the ELP 

should remain fused to enzyme to continue the recycling procedure. 

In addition to applying ITC for purification of recombinant proteins (both on laboratory 

and industrial scale) and enzyme recycling, there are other applications for this method 

such as separation of reactants (e.g., after protein labeling) and also for buffer exchange 

and concentration of the fusion protein.33  

ITC is technically simple, fast, economical and inexpensive which can be done in any 

laboratory, which is equipped just with a simple centrifuge. Furthermore, in this method 

there is no need for special reagents or compounds: e.g., for triggering the transition 

temperature cheap chemicals like sodium chloride would be sufficient. The other notable 

advantage of ITC is the range of scales that it can be applied to: ITC can be used from 

microliter-scale in the laboratory to gram-to-kilogram scale in industrial 

bioprocessing.30,32,33 

Besides to the advantages of the ITC mentioned above this method have some 

disadvantages too. For instance, for each enzyme depends to its chemical-physical 

characteristics a new ELP tag should be designed. ELP can also severely affect the 

expression yield of the target protein and decrease it.  
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1.2.1 Inverse Temperature Transition 

 

According to the second law of thermodynamics, increasing the temperature of a system 

of constant composition leads to an increase in entropy of the whole system. When the 

system consists of several components and one of these components undergoes a decrease 

in entropy with increasing temperature of the whole system, inverse temperature 

transition has happened for this component.48 The linear polymer VPGXG with valine as 

guest residue becomes more ordered when it is heated from below Tt to above the Tt. This 

has been confirmed by X-ray crystallography, light, transmission, and scanning electron 

microscopy, circular dichroism, and by NMR data.48 By increasing the temperature this 

polypentapeptide forms filamentous structures with a twisted filament substructure.49  

At first glance, becoming more ordered and reduction of entropy with heating is not 

consistent with the second law of thermodynamics. But inverse temperature transition of 

ELPs is becoming reasonable, if the whole system, consisting of the polypentapeptide 

plus water, is considered. Although the entropy of ELP is reduced the rise in entropy due 

to water molecules released from the ELP surface is large enough to increase the entropy 

of the whole system. Below the transition temperature the entropy of water that surrounds 

the hydrophobic side chains of ELP is low and it is more ordered than bulk water. This 

effect was first defined by Frank and Evans in 1945 and they named this water “frozen 

patches” or microscopic “icebergs”.50 Upon the temperature rise, the hydrophobic side 

chains of the ELP become more ordered and folded and at the same time these icebergs, 

which exist in large numbers, become less-ordered and more like bulk water and the 

amount of highly ordered water decreases fast.51 This increase of order in protein-based 

polymer and decrease in the order of water can be called hydrophobic folding and 

assembly.28   

 

The structure of (VPGVG)n in different states of folding and at different temperatures is 

shown in Figure 1-4. The structures were deduced by applying methodologies such as 

peptide synthesis, NMR, molecular-mechanics and dynamics calculations,52 crystal 

structure of cyclic analogues,53 and the NMR- and computationally characterized 

relationship between cyclic and linear structures54,55 and Raman, absorption and circular 

dichroism spectroscopy.  
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alanine limited the peptide libration and demolished the elasticity. So this confirms the 

concept of the damping of internal chain dynamics by extension as a source of entropic 

elastic force for polypentapeptides of elastin.52 

 

 

1.2.2 Factors that Influence the Transition Temperature 

 

There are several factors that can affect inverse phase transition and shift the transition 

temperature. Most of them have been previously reviewed: concentration,34 chain 

length,47,34 amino acid composition of polypeptide (specially the guest residue in the 

fourth position of pentapeptide),59,60 effect of salts,59,61,62 organic solutes and solvents,59 

ionization of charged side chains of the polypentapeptide,63 and chemical modification on 

polymer side chains (e.g., phosphorylation, nitration, sulfation, and glycosylation).64 

Although all above mentioned factors can influence the transition temperature, the two 

most essential ones are chain length and identity of the guest residue. The concentration is 

not as critical as these two factors for two main reasons: First, for design and production 

of a proper ELP for a specific application with a certain Tt, either via chemical synthesis 

or expression, both the sequence and chain length should be fixed before production, but 

concentration can be set later. Second, for a very long chain length Tt is independent of 

concentration.47 The correlation between Tt and concentration of ELP is logarithmic, so 

even a large change in concentration will result much smaller changes in Tt.
65 
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Table1.1. List of naturally occurring amino acids in order of more hydrophobic (low Tt) to more 

polar (high Tt)
28 

 

Residue R Group Abbreviation Letter Tt ΔHt kcal/mol ΔSt kcal/mol 

Tryptophane 

 

Trp W -90oC 2.10 7.37 

Tyrosine 
 

Tyr Y -55 oC 1.87 6.32 

Phenylalanine 
 

Phe F -30 oC 1.93 6.61 

Histidine 
 

His H -10 oC   

Proline(calc.) -CH2CH2CH2- Pro P (-8) oC   

Leucine -CH2CH(CH3)2 Leu L 5 oC 1.51 5.03 

Isoleucine -CH(CH3)CH2CH3 Ile I 10 oC 1.43 4.60 

Methionine -CH2CH2SCH3 Met M 20 oC 1.00 3.29 

Valine -CH(CH3)2 Val V 24 oC 1.20 3.90 

Histidine 
 

His+ H+ 30 oC   

Glutamic 

Acid 
-CH2CH2COOH Glu E 30 oC 0.96 3.14 

Cysteine -CH2SH Cys C 30 oC   

Lysine -CH2CH2CH2CH2NH2 Lyso KO 35 oC 0.71 2.26 

Proline(exptl) -CH2CH2CH2- Pro P 40 oC 0.92 2.98 

Alanine -CH3 Ala A 45 oC 0.85 2.64 

Aspartic Acid -CH2COOH Asp D 45 oC 0.78 2.57 

Threonine -CH(OH)CH3 Thr T 50 oC 0.82 2.60 

Asparagine -CH2CONH2 Asn N 50 oC 0.71 2.29 

Serine -CH2OH Ser S 50 oC 0.59 1.86 

Glycine -H Gly G 55 oC 0.70 2.25 

Arginine -CH2CH2CH2NHC(NH)NH2 Arg R 60 oC   

Glutamine -CH2CH2CONH2 Gln Q 60 oC 0.55 1.76 

Lysine -CH2CH2CH2CH2NH3
+ Lys K 120 oC   

Tyrosinate 
 

Tyr- Y- 120 oC 0.31 0.94 

Aspartate -CH2COO- Asp- D- 120 oC   

Glutamate -CH2CH2COO- Glu- E- 250 oC   
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1.2.3 Applications of ELPs in Medicine and Biotechnology 

 

It is possible to adjust Tt very precisely by designing the sequence and considering all 

other factors that can influence Tt. This makes ELPs suitable for applications in which a 

precise temperature plays an important role in the process, such as drug delivery, protein 

purification, etc.66 Another reason which makes ELPs a suitable biopolymer to be used as 

protein drug-carrier is the possibility to produce it as monodisperse polymer in 

Escherichia coli from synthetic genes, and with precise control over molecular weight, 

sequence, composition and stereochemistry. Since these factors, especially the molecular 

weight, can influence the drug targeting and release, it is important to have a high degree 

of control over them.67 Another advantage is the high yielding expression of ELPs in the 

laboratory, which makes them a reasonable competitor of synthetic polymers.68 More 

reasons to apply ELPs in biotechnology is their reversible phase transition that can be 

used as a tool in protein purification26 or enzyme recycling. ELPs can also be used in in 

vivo tests because of their remarkable biocompatibility.69  

 

1.2.3.1 Purification of ELP-fusion Proteins 

 

As described in section 1.1.4, inverse transition cycling is a method for recombinant 

protein purification which has been developed by the Chilkoti group.26 Several other 

groups have validated this method.70,71,72,38 The efficiency of this method depends on 

concentration of ELP fusion. At low concentrations (< 1µM) the phase transition will not 

be efficient.73 One possible solution for this problem is adding free ELP to cell lysate to 

enhance the concentration of ELP in solution and this addition provides the opportunity to 

purify ELP fusion protein even in trace amounts.73,74  

The most common way of applying ITC for protein purification is attaching the target 

protein directly to ELP. Indirect ITC is another alternative for this protein purification 

method. In this method ELP is fused to a second protein which has high affinity to the 

target protein. The very first step of indirect ITC starts with binding the target protein to 

the capture agent-ELP fusion and afterward purification is done via ITC. The indirect ITC 

method has one step less than the ITC, which includes an ELP cleaving step. There is also 

an option of recycling the capture agent-ELP fusion for reuse.75 
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To have spherical micelles there must be a considerable difference between Tt of the 

hydrophobic and hydrophilic part and also a MW ratio of 1:2 or 2:1 between these two 

blocks.79 It seems that these ELP di-block copolymers can be the proper candidates for 

controlled delivery and release applications, especially in drug delivery.77 Specifically, in 

the case of micelles of protein-ELP block copolymers, the receptor-mediated cell uptake 

is higher than that of unimer and ligand-negative ELP copolymers.78 Nevertheless, much 

work remains to be done and several questions must be answered in this field, e.g., 

understanding ELP-Copolymer physicochemical behavior or the physical rules that 

control the self-assembly of proteins fused to ELP-copolymers. 

 

1.2.3.3 Drug Delivery 

 

 The main goal of chemotherapy is delivering an anticancer drug at a high dose to a tumor 

in aid of destroy the rapidly dividing tumor cells with the lowest cytotoxic effects to 

healthy tissues. One strategy to decrease systemic toxicity and enhance the therapeutic 

index is direct targeting the tumor with macromolecular drug carriers.80 In designing an 

ELP to be used as drug carrier for a thermal targeting strategy, the Tt should be between 

body temperature (37oC) and 42oC, a temperature corresponding to hyperthermia. It has 

been demonstrated that ELPs as drug carriers in combination with hyperthermia can 

deliver drugs better compared to the same ELP without hyperthermia and also compared 

to other thermally responsive polymers with the same molecular weight and composed 

with hyperthermia.81 Furthermore, another cell culture investigation showed a twofold 

enhancement in cellular uptake of the ELP by heated tumor cells compared with cells 

kept at 37oC.82  

Applying thermally sensitive ELPs as drug carriers has various advantages compared to 

affinity targeting. One of the advantages is the way that the drug accumulates in the 

tumor.  the reason of the drug accumulation is phase transition of the ELP instead of 

triggered release of the drug (e.g. emptying of liposomes because of a thermal trigger).83 

This makes the whole drug accumulation process independent from concentration and 

ELP-drug conjugate will continue to accumulate in the heated tumor even when the 

concentration in blood is lower than in tumor.65 Second, there is no need of a special 
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protocol for clinical implementation of ELP-drug conjugate, existing clinical 

hyperthermia protocols are sufficient.84  

 

1.2.3.4 Tissue Engineering 

 

As ELPs are derived from an extracellular matrix protein (ECM), they are suitable for 

creating an ECM-like environment, which can deliver biological functions to cells and 

tissues. Furthermore, as mentioned above, ELPs are genetically encoded biopolymers, 

therefore, there is precise control over their composition, chain length, polymer 

architecture, and the type, number, and location of crosslinking sites. These are all factors 

which are important for tissue engineering constructs.30  

There are three primary methods for tissue engineering by ELP scaffolds: (1) 

coacervation of soluble ELP85,86; (2) physical crosslinking87,88; and (3) chemical 

crosslinking, such as; photocrosslinking,89 enzymatic crosslinking,90 and crosslinking by 

γ-irradiation.91 

 

 

1.3 Aim of this study 

 

The main goal of this research is designing suitable ELP for enzyme recycling in 

industrial processes and defining general properties of different guest residues. 

 

 

1.3.1 Design, synthesis and characterization of ELP tags 

 

To date, the ELPs have been mostly used for purification of recombinant proteins and 

there is very little variety of tags for enzyme recycling. The ELP tags, which have been 

used for ITC purification, have not been optimized yet. For this reason at least ~2M NaCl 

is needed to trigger the phase transition.26,92 This amount of salt is essential because the 

guest residues in these ELP tags are aliphatic and therefore not very sensitive to the 
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changes  of salt concentration.26,93 The other problem of  these tags is their chain length 

and in some cases their MW is higher than the target protein. When MW of ELP tag is 

higher than the MW of the target protein the expression yield is reduced and it has been 

observed that shortening the chain length of ELP resulted in 70% rise of expression 

yield.94 Moreover the ELPs we want to synthesize have to fulfill some requirements that 

are critical for the industrial process in which the target enzymes of this study will be 

recycled. 

Considering these problems and conditions, we will synthesize ELPs with more 

hydrophobic guest residues and keep the chain length as short as possible. We will also 

apply charged amino acids as guest residues, because ionizable guest residue increases 

response of the ELP to the salt.28,95 The method of synthesis will be solid phase peptide 

synthesis (SPPS).96 We aim at producing ELPs aggregating between 40oC-60oC and 

maximum amount of salt used for triggering the phase transition must be 1M.  

 

1.3.2 Cloning and Expression of ELP-Enzyme Fusion 

 

After the first step, ELPs which are suitable for our ITC conditions will be fused 

genetically to the target enzymes. Both N- and C-terminal fusion will be tried to 

investigate the influence of the fusion order on expression level, enzyme activity and ITC.  

 

1.3.3 Investigation of the Phase Transition of ELP-Enzyme in Different 

Conditions 

 

In the final step, fused construct of enzyme and ELP will be characterized to optimize the 

tag and also ITC conditions. 
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Chapter 2 
 

 

Elastin-like Polypeptides with Aliphatic Amino Acids as Guest 

Residues 

 

 

2.1 Introduction 

 

Elastin-like polypeptides (ELPs) composed of repetitive pentapeptides (Val-Pro-Gly-Xaa-

Gly) can mimic the phase transition behavior of tropoelastin and undergo a reversible 

inverse thermal transition.1,2 Upon a temperature increase ELP, which is soluble in 

aqueous buffer at room temperature, changes from mostly random coil to a  β-spiral  

structure and creates a separate phase called coacervate.3 The phase transition happens in 

a narrow temperature range of 2-3oC called transition temperature (Tt). This transition 

temperature can be influenced different parameters such as by ionic strength of the buffer, 

ELP concentration and length of the ELP. An increase in any of these parameters 

decreases Tt. Another important factor that can affect the transition temperature is the 

nature of the fourth amino acid in the pentamer sequence termed, guest residue, Xaa. 

Fusion proteins with ELPs maintain the phase transition characteristics of free ELPs but 

Tt changes. This change greatly depends on the hydrophobicity of the fused protein.4,5 

Due to this characteristic of ELPs they can be used as (removable) tags for protein 

purification or enzyme recycling in a process termed “inverse transition cycling” (ITC) .6  

 Although ELPs were used for recombinant protein purification in different labs since 

1999, very little variety of these tags has been reported. The ELP tags used for ITC 

purification were not optimized for applying them in cyclic processes: e.g., they need at 

least ~2M NaCl to trigger the phase transition.4,6 The use of high salt is essential in most 

cases because the guest residues are aliphatic and not very sensitive to changes in salt 
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concentration.4,7 Another problem of  these tags is their chain length which makes them 

larger in terms of MW than the target protein. In case of small proteins (e.g., 

Thioredoxine (Trx), MW 11.7 kDa) the large fused ELP lowers expression yields. It has 

been shown that shorter ELPs lead to a significant rise in yield of the ELP-protein fusion 

(Up to 70%).5 Considering facts we synthesized ELPs with more hydrophobic guest 

residues and at the same time kept chain length short. Applying more hydrophobic amino 

acids as guest residues would lower Tt to and the other way around.8 Although Tt and 

even the solubility of ELPs changes by fusion to an enzyme or protein it is necessary to 

investigate the characteristics of ELP tags before fusion to another proteins. These 

measurements in combination with data for ELP fusion proteins can potentially be used 

for Tt prediction of different ELP fusion proteins.9   

In this chapter, the synthesis of various ELPs including amino acids with hydrophobic 

side chain at position four in penta repeat has been described. The thermal behavior of 

these ELPs was examined under varying conditions, e.g. pH, viscosity, heating/cooling 

rate, presence of different cations and anions from the Hofmeister series. 
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2.2 Materials and Methods 

 

2.2.1 Materials 

 

All chemicals were from Sigma-Aldrich (Taufkirchen, Germany), if not stated otherwise. 

Boc-protected L-amino acids were purchased form ORPEGEN Peptide Chemicals 

(Heidelberg, Germany). Boc-Gly-PAM resin was obtained from Iris Biotech 

(Marktredwitz, Germany). Boc-Gly-OH, Boc-Cys(4-CH3Bzl)-OH, Boc-Val-OH and 2-

(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium hexafluorophosphate (HBTU) were 

obtained from Novabiochem (Nottingham, UK). N,N-dimethylformamide (DMF), 

dichloromethane (DCM) and acetonitrile (ACN) were purchased from Biosolve 

(Valkenswaard, The Netherlands), and  Trifluoroacetic acid was obtained from Roth 

(Karlsruhe, Germany).  

 

2.2.2 Nomenclature 

 

We applied the nomenclature established by the Chilkoti group.10 In order to distinguish 

the different ELP constructs we used a general formula of ELP[XiYjZk-n]. The capital 

letters inside the bracket are the single letter amino acid codes that indicate the guest 

residues in the ELP sequence, and the subscripts specify the number of Val-Pro-Gly-Xaa-

Gly repeats with each corresponding guest residue. The total number of pentapeptides 

(VPGXG) is designated by n. For instance, ELP[A1L4-10] is an ELP of 10 repeats of 

pentapeptide in length which has a repeat unit consisting of five pentapeptides with the 

guest residues Ala, and Leu in a 1:4 ratio, respectively. 

 

 

2.2.3 Solid Phase Peptide Synthesis 

 

Syntheses of peptides were carried out on an Applied Biosystems 433A peptide 

synthesizer by using the “in situ neutralization” protocol for tert.-butyloxycarbonyl (Boc) 

chemistry solid phase peptide synthesis,11 on Boc-Gly-Pam resin in scale of 0.2 mmol.12 
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Sidechain protection for amino acids was as follows: Cys (4- CH3Bzl).The cycle started 

with removal of the Boc-protecting group with neat TFA and this was followed with 1 

min DMF flow wash. Afterwards 2 mmol of the activated Boc-amino acid (10 eq.) was 

added to the resin. The activation was performed with 3.8 mL of 0.45M HBTU (1.7 

mmol) and 1 mL neat DIEA (~5.7 mmol).  Vortexing was on the whole time of coupling. 

After coupling a 30 s DMF flow wash was performed.  

When the peptide assembly was complete, deprotection and simultaneous cleavage from 

the resin was achieved by treatment with anhydrous HF containing p-cresol (95:5, 

vol/vol) for 1 h at 0°C. After evaporation of HF under reduced pressure, crude product 

was precipitated with cold diethyl ether and the peptide product was dissolved in 50% 

aqueous acetonitrile containing 0.1% TFA.  

All peptides were purified by reversed phase HPLC using a Varian Pro Star system and a 

C4 column (250 x 22 mm, 5 μm particle size, Protein C4, Grace Vydac). Elution was 

achieved running linear gradients of buffer B (ACN + 0.08 % TFA) in buffer A (ddH2O + 

0.1 % TFA). Collected fractions were analyzed by ESI-MS and pooled according to 

purity. All calculations of yields for purified peptides are based on the synthesis scale. 

 

 

2.2.4 Revers Phase High Performance Liquid Chromatography  

(RP-HLC)  

 

Analytical HPLC analysis of peptides was performed on a Dionex Ultimate 3000 

instrument using a RP-C4-column (Kromasil 300-5-C4, 150 x 4.6 mm, 5 μm particle size, 

AkzoNobel and BioBasic-4 150 x 4.6 mm, 5µm particle size, Thermo Fisher) at a flow 

rate of 1 mL/min with a linear gradient from 5 to 65% buffer B in buffer A over 30 min. 

Detection occurred at 214 and 280 nm wavelength. Peptide molecular weights were 

determined by electrospray ionization mass spectrometry (ESI-MS) on a Waters 

AutoPurification HPLC/MS System (3100 Mass Detector, 2545 Binary Gradient Module, 

2767 Sample Manager and 2489 UV/Visible Detector) operating in positive ion mode. 
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2.2.5 Characterization of Inverse Transition 

 

The inverse transition of ELPs in different buffers was characterized by monitoring the 

OD350 as a function of temperature. The ELP concentration of 3 mg/ml was empirically 

determined to be optimal for the aggregation assay. ELP solutions were heated at a 

constant rate of 1°C min-1 and cooled down at a rate of 3°C min -1  in the range of 20-90°C 

by a temperature-controlled multi-cell holder in a safas monaco UVmc2 UV-Visible 

spectrophotometer. The transition temperature (Tt) is defined as the temperature at 50% 

maximal turbidity.4 

 

 

2.3 Results and Discussions 

 

 

2.3.1 Design and Synthesis of ELPs 

 

Since in previous studies ELPs with identical sequences were used, we started out with 

synthesizing five different ELPs, two of them with a new ratio of amino acids as guest 

residues.  

One of the most pressing problems of ELP tags, which have been used before, were high 

Tt values. To reduce these values a very high concentration of salt (>3 M) was required.6 

Another problem was the long chain length of ELP. Although in larger ELPs Tt is lower it 

was found that increasing chain length decreases the yield of the fusion enzyme.4 Based 

on this information, we tried to keep the chain length as short as possible and also 

introduced more hydrophobic amino acids as guest residues to trigger the phase transition 

at lower temperature without the need for high salt concentrations. To this end the ELP 

tags were synthesized chemically without being fused to target enzymes to characterize 

their phase transition behavior and dependence on different parameters. All synthesized 

ELPs consist of 10 pentapeptides and the main focus was on factors that could affect Tt.  

To investigate the effect of hydrophobicity of the guest reside on Tt Val which was used 

in ELP tags earlier6 was replaced by more hydrophobic amino acids such as Ile and Leu.13 
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We also introduced  a Cys at the N-terminus of all ELPs to have the option of fusing the 

ELPs to proteins via native chemical ligation.14 

 

Table 2-1 Synthetic elastin-like polypeptides containing aliphatic amino acids as guest residues 

Name Sequence MWcalc. MWobs. Yield 

ELP[V-10] C(VPGVG)10 4215.35 4216.55 63.7% 

ELP[V5A2G3-10] C(VPGVG)5(VPGAG)2(VPGGG)3 4032.14 4033.92 32.9% 

ELP[I-10] C(VPGIG)10 4355.51 4356.27 26.1% 

ELP[I3L2-10] C(VPGIG)3(VPGLG)2(VPGIG)3(VPGLG)2 4355.51 4354.92 60.8% 

ELP[A1L4-10] C(VPGAG)(VPGLG)4(VPGAG)(VPGLG)4 4271.41 4271.4 53.6% 

 

 

 

The first two peptides in Table 2-1 have been used in previous studies but not as short 

ELPs but with at least 30 pentamer repeats. By synthesizing the old tags, we had the 

possibility to compare our new tags with them under identical conditions. ELP[I-10] , 

ELP[I3L2-10], and ELP[A1L4-10] were synthesized to test the effect of increased 

hydrophobicity of the guest residues on Tt and to investigate their reaction to different 

anions and cations (Hofmeister series). The transition temperature was used to confirm 

the relative hydrophobicity of the amino acids and also to show the effect of different 

structure of side chains on Tt.  

After successfully synthesizing ELPs with 10 pentamers, we tried to synthesized 

ELP[I3L2-20] by the SPPS method. The synthesis was not successful. This can be because 

of the ELP size that causes steric hindrance which can prevent an efficient amino acid 

coupling. Another reason can be related to the aggregation of ELP which cause the fail of 

synthesis. 
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considerably reduce Tt this does not mean that they change the secondary structure 

formation.15 Although there is not a notable difference between the hydrophobicity of Leu 

and Ile13, ELP[I3L2-10] aggregated at a lower Tt than ELP[I-10] and by replacing just four 

Ile with Leu in the whole peptide Tt was lowered again by 7°C. This shows that in case of 

aliphatic amino acids besides the general hydrophobicity the structure of the side chain 

has an impact on the phase transition of ELP and influences Tt. In ELP[A1L4-10] , as Ala 

is more hydrophilic than Leu, the solubility of the ELP is increased and this helps with 

resolubilizing ELPs after initial heating.  

   

Table 2-2 Effect of guest residue hydrophobicity on Tt 

ELPs Transition Temperature 

ELP[V-10] 57.3oC 

ELP[I-10] 38.6oC 

ELP[I3L2-10] 31.7oC 

ELP[A1L4-10] 38.2oC 

ELP[V5A2G3-10] N.A.* 

 

* Data is not available since ELP[V5A2G3-10] did not undergo a phase transition under 

conditions listed in Figure 2-1 (B) between 20 and 90°C. 

 

 

Another important characteristic that had to be verified was the reversibility of the phase 

transition of the ELPs. As shown in Figure 2-2 this was done for three different ELPs. In 

case of ELP[I-10] after three heating and cooling cycles the aggregation curves were still 

stay similar and there were no changes in the Tt. However, there were some slight 

changes in the turbidity profiles of ELP[I3L2-10] and ELP[A1L4-10]. After the 6th cycle of 

heating, Tt shifted between 2-3°C to the left. As the aim of producing these ELPs was to 

apply them in ITC including several rounds of heating and cooling, instead of a well-

defined Tt value a temperature range needs to be established in which Tt moves after 

cycling. 
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Table 2-3 The order of cations effectiveness in “salting out “ELP[A1L4-10]  

Concentration Order of salting out 

0.25M Ca2+>K+>Mg2+>NH4
+>Na+ 

0.5M Ca2+> K+≈ Mg2+> NH4
+≈ Na+ 

1M K+≈ Mg2+≈ Na+> Ca2+> NH4
+ 

 

 

 

Following the aggregation assays in the presence of different cations, the effect of two 

divalent anions on Tt was investigated (Figure 2-6). The range of salt concentration tested 

in Tris-HCl buffer went from 0.01 M to 1 M. Sodium carbonate, sodium sulfate and 

ammonium sulfate have often been used for lowering Tt.
9 A series of aggregation assay 

were carried out with ammonium chloride at similar concentrations as for the other three 

salts with divalent anions to allow direct comparison between mono and divalent anions. 

Ammonium chloride had the most consistent effect on phase transition of ELP but was 

not very efficient at low concentrations even raised Tt slightly (Tt of ELP[A1L4-10] in 

Tris-HCl buffer is 61°C). Both sodium carbonate and sodium sulfate lowered transition 

temperatures efficiently. Here sodium sulfate is the better choice for lowering Tt since 

with sodium carbonate there is a risk of thermal decomposition and CO2 emission. Also 

ammonium sulfate was not a suitable option to be used as a transition temperature 

suppressor in ITC.As can be seen in Figure 2-6 (C), the effect of salt on the aggregation 

of ELP was not constant and in some concentrations the yield of aggregation was not high 

and OD350 reached to 1.0 or lower. Another point is about the aggregation in room 

temperature (Horizontal lines in the Figure 2-6 A, B and C) which just happened in the 

presence of the salts with divalent anion with concentration of 1 M and lower. 
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Another critical factor is viscosity because it severely influences if ELP[A1L4-10] and 

ELP[I3L2-10] can be suitable recycling tags for enzymes which are applied in processes 

with high viscous solutions. Measurements were carried out for both ELP[A1L4-10] and 

ELP[I3L2-10] in solutions containing 1 mg/mL to 10 mg/mL sucrose in water. As 

depicted in Figure 2-14 (more data in supplement) in the case of ELP[A1L4-10] there 

were clear aggregation curves even in the concentration of 9 mg/mL and there were some 

spikes in the 10 mg/mL solution of sucrose but the Tt could be monitored even in this 

solution with high viscosity. The turbidity profiles of ELP[I3L2-10] were not like the ones 

with ELP[A1L4-10]. At concentrations higher than 3 mg/mL it was not possible to 

measure an aggregation (turbidity) curve. This shows that coacervates of hydrophobic 

ELPs are more dense and viscous than the aggregated fibers of les hydrophobic ELPs. 

When the measurement is done in a solution with high viscosity, the aggregated fibers 

with the viscose solution will cause some random light scattering which results in an 

aggregation curve full of spikes and unachievable precise Tt.   

 

 

A parameter which can severely affect the phase transition and which has rarely been 

mentioned in previous studies is the temperature ramp. To quantify the effect of the 

temperature ramp on Tt, a series of aggregation assays were performed with ELP[A1L4-

10] in the presence of mono and divalent chloride salts such as NaCl, KCl, NH4Cl, CaCl2 

and MgCl2 with heating speeds of 1°C min-1, 0.5°C min-1 and 5°C min-1(Figure 2-17 in 

supplement).  

 

Significant fluctuations in transition temperatures were observed under similar conditions 

with the only differences in the heating rate. Surprisingly, in most cases a heating rate of 

5oC min-1lead to lower Tt. With such a fast heating rate it was expected that ELP would 

not be able to follow this abrupt increase in temperature and the aggregation process 

would have happened with delay20 which occurred exactly the other way around.    
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Table 2-5 Effect of temperature ramp on Tt in the presence of different salts. The aggregation 

assays were done with 3mg/mL solution of ELP[A1L4-10]: (A) NH4Cl  (B) NaCl  (C) CaCl2  (D) 

KCl  (E) MgCl2    

 

(A) NH4Cl (B) NaCl 

Temperature 
Ramp 

[oC/min] 
0.25 M 0.5 M 1 M 

0.5 38.8 33.1 25.5 

1 48.0 37.6 26.3 

5 39.2 31.5 25.4 

 

 

(C) CaCl2 (D) KCl 

Temperature 
Ramp 

[oC/min] 
0.25 M 0.5 M 1 M 

0.5 37.6 33.9 26.3 

1 39.2 34.3 26.1 

5 38.8 33.3 28.9 

 

 (E) MgCl2 

Temperature 
Ramp 

[oC/min] 
0.25 M 0.5 M 1 M 

0.5 36.5 33 27 

1 40.4 33.6 26.1 

5 37.4 31 26.6 

 

 

Temperature 
Ramp 

[oC/min] 
0.25 M 0.5 M 1 M 

0.5 37.4 35.2 29.9 

1 46.0 37.2 30.6 

5 31.7 29.5 29.7 

Temperature 
Ramp 

[oC/min] 
0.25 M 0.5 M 1 M 

0.5 34.9 30.5 24.7 

1 29.6 29.3 27.6 

5 32.8 28.3 26.5 
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transition temperature (Tt). Most experiments were performed with ELP[I3L2-10] and 

ELP[A1L4-10]. To date almost all ELP tags utilized for ITC are the ones that were 

introduced in the original articles on ITC without being optimized.4,6 These tags contain 

Val or Val, Ala, and Gly in the ratio of 5:2:3 respectively as guest residues require at least 

2 M NaCl to lower the Tt to 40°C.21 ELPs designed and synthesized for this study contain 

more hydrophobic amino acids as guest residues in comparison with ELP tags in previous 

studies and this change resulted in a notable decrease in transition temperature without 

the need for high salt concentrations. Although these new ELPs were more hydrophobic 

there were no problems with solubility and resolubilizing ELP aggregates following the 

heating cycle. Comparing the effects of some Hofmeister cations and anions on the phase 

transition temperature of ELP[A1L4-10] showed that (NH4)2SO4 and Na2SO4 had the most 

significant effect on Tt by decreasing it up to lower than 25°C with only concentration of 

250 mM. Sodium sulfate was chosen as the best salt for suppressing the Tt because of the 

more consistent effect on the heating profiles in comparison with ammonium sulfate 

(Figure 2-5). Consistent effect means all OD350 were almost equal and the aggregation 

yields in the presence of different salt concentration were at the same level. Solubility of 

some of these salts shows temperature dependence, but NaCl and Na2SO4 (above 40oC) 

are the only salts which exhibit a stable solubility at different temperatures (Figure 2-7 

A). We also found that the order of “salting out” induced by different cations is not 

always in agreement with the Hofmeister series. It heavily depends to the salt 

concentration. This salt concentration-dependent on proteins has been described 

earlier22,23 but the interesting point is that we monitored this effect with ELP[A1L4-10], 

which does not contain any charged side chains. This confirms the influence of 

interactions of cations with carbonyl oxygens in the amide backbones of the peptide 24,18 

and at the same time demonstrates that the Hofmeister phenomenon is related to the direct 

interaction between ions and macromolecules. Earlier studies showed clearly that only 

changes in bulk water structure cannot explain such specific ion effects.25  

At low salt concentrations the strongest effect on Tt was induced by divalent cations but 

at high concentrations very similar effects of all cations was observed. We also examined 

the effect of viscosity on the phase transition of ELP[I3L2-10] and ELP[A1L4-10]. Here, 

the turbidity profiles of ELP[A1L4-10] were more clear than for ELP[I3L2-10] and this 
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shows that for solutions with high viscosity, hydrophilic ELPs are more suitable than 

hydrophobic ones.  

In conclusion ELP[A1L4-10] can be a suitable tag for application in ITC and for recycling 

enzymes e.g. in industrial applications because it is sufficiently hydrophobic to undergo a 

phase transition at low temperatures (48 oC) even with only 10 mM of sodium sulfate 

present. However, for further optimization of this tag the ELP needs to be fused to an 

enzyme to evaluate different parameters such as expression levels and efficiency of 

recycling.     

Up to this point we tested different ELP tags with aliphatic guest residues. Previous 

studies have shown that incorporation of ionizable guest residues in an ELP increases its 

sensitivity to salt. Therefore, we decided to continue our study by applying charged guest 

residues in our ELP tags.  
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Chapter 3 
 

 

Anions and Cations Effect on the Transition Temperature of 

ELPs with Charged Side Chains as Guest Residues 

 

 

3.1 Introduction 

 

 

Inverse transition cycling (ITC) of proteins fused to elastin-like polypeptide could 

become a useful method for enzyme recycling on industrial scale if several fulfilled. An 

optimized ELP tag allowing high protein expression yield is needed that work at low salt 

concentrations and can be efficiently. To date different groups have utilized ELP tags for 

protein purification and most of them used the ones that were introduced in the original 

articles on ITC which are ELP[V-n] and ELP[V5A2G3-n].1,2 These tags need a high 

concentrations of salt for lowering Tt because the aliphatic guest residues are not very 

sensitive to changes in salt concentration.1,3 Previous studies have shown that ELPs that 

include charged amino acids as guest residues are more sensitive to salt than the ones 

with aliphatic guest residues.4,5  For example ELP[KV7F-36] was designed by Lim et al.6 

to be used as a purification tag for thioredoxin (Trx) in ITC. Trx-ELP[KV7F-36] required 

one-third of the salt that was needed to purify Trx-ELP[V5A2G3-90](the most commonly 

used tag).6  

Thus, I decided to use both lysine and glutamic acid as guest residues to investigate the 

effect of different salts on both cationic and anionic ELPs. In ELP[I3L2-10] leucine 

residue were replaced with either Lys or Glu for this purpose.  
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3.2 Materials and Methods 

 

3.2.1 Materials 

 

All solvents and chemicals were purchased in the highest available quality and used 

without further purification. N,N-dimethylformamide (DMF), dichloromethane (DCM), 

acetonitrile (ACN) and trifluoroacetic acid (TFA) were obtained from Biosolve 

(Valkenswaard, The Netherlands). Boc-Gly-PAM resin and Boc-protected L-amino acids 

were purchased from Novabiochem (Nottingham, UK) and Orpegen (Heidelberg, 

Germany). 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

(HBTU) was obtained from Novabiochem (Nottingham, UK). Hydrogen fluoride (HF) 

was from AIR LIQUID (Paris, France). All other reagents and solvents were obtained 

from Sigma-Aldrich (Vienna, Austria).   

 

 

3.2.2 Nomenclature 

 

The nomenclature used in this study was described in chapter 2. 

 

3.2.3 Peptide Synthesis and Purification 

 

Syntheses were carried out on an Applied Biosystems 433A peptide synthesizer. All 

ELPs were synthesized on 0.2 mmol scale starting with Boc-Gly-PAM resin, following an 

in situ neutralization and HBTU activation protocol for Boc (tertbutoxycarbonyl) 

chemistry.7 Side-chain protecting groups were Cys (4-MeBzl), Lys (2-Cl-Z) and Glu 

(OcHx). The peptides were finally deprotected and cleaved from the resin by treatment 

with liquid HF (10 mL/g of peptidyl resin) for 1 h at 0°C in the presence of 10% (v/v) p-

cresol. Purification of the peptides were achieved using a Kromasil 300-5-C4 column at a 

flow rate of 20 mL/min with a linear gradient from 25% to 55% of (ACN + 0.05% TFA) 

in (ddH2O + 0.05% TFA) in 40 min. 
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3.2.4 HPLC and Mass spectrometry 

 

Analytical RP-HPLC analysis was performed on a Dionex Ultimate 3000 instrument 

using C4 columns (Kromasil 300-5-C4 150 × 4.6 mm, 5 μm particle size and BioBasic-4 

150 × 4.6 mm, 5 μm particle size, Thermo Fisher) at a flow rate of 1 mL/min with a 

gradient from 5% to 65% buffer B in buffer A over 30 min (buffer A: 0.1% (v/v) TFA in 

ddH2O, buffer B: 0.08% (v/v) TFA in ACN). For purification and mass spectrometry of 

peptides a Waters AutoPurification HPLC/MS System was used. For analytical liquid 

chromatography-mass spectrometry (LC-MS) separation was achieved with a Kromasil 

300- 5-C4 column (50 × 4.6 mm, 5 μm particle size) at a flow rate of 1 mL/min running a 

linear gradient from 5% to 65% of (ACN + 0.05 % TFA) in (ddH2O + 0.05 % TFA) in 10 

min. Mass spectra were acquired by electrospray ionization (ESI-MS) operating in 

positive ion mode. Detection for all chromatographic methods occurred at 214 and 280 

nm wavelengths. 

 

3.2.5 Phase Transition Temperature Measurement (aggregation assay) 

 

Inverse temperature phase transition of the ELPs was characterized by monitoring 

solution turbidity spectrophotometrically at 350 nm as a function of temperature.1 

Measurements were performed on a UV-visible spectrophotometer equipped with a 

temperature-controlled multi-cell holder (UVmc2 UV-Visible; SAFAS monaco). The 

transition was examined by first heating the ELP solution (3mg/mL) in 20mM Tris/HCl 

buffer, from 20oC to 90oC at a rate of 1oC/min, and then cooling down to 20oC at the rate 

of 3oC/min. Tt is defined as the temperature at 50% maximal turbidity. 

 

 

3.3 Results and Discussion 

 

3.3.1 Comparison of Aliphatic, Cationic and Anionic ELPs 

 

To compare the effects of charged amino acids on the phase transition behavior of ELPs, 

all Leu residues in ELP[I3L2-10] were replaced with Lys to produce ELP[I3K2-10] as well 
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as with Glu to obtain ELP[I3E2-10]. As a third charged ELP ELP[IKIKI-10] was 

prepared. This is similar to ELP[I3K2-10] in MW and amino acid composition but differs 

in sequence and therefore in the distribution of positive charges, which is more exactly 

spread across the ELP. Table 3-1 shows details of the sequences and yields of synthetic 

ELPs. The synthesis and purification of all ELPs were not problematic, however 

purification of ELP[IKIKI-10]  was more challenging. Final purities were acceptable for 

performing thermal phase transition experiments. Detailed synthesis data are included in 

section 3.5 of this chapter. 

 

Table 3-1 Synthetic elastin-like polypeptides with charged side chains 

Name Sequence MWcalc. MWobs. Yield 

ELP[I3K2-10] C(VPGIG)3(VPGKG)2(VPGIG)3(VPGKG)2 4415.55 4415.28 38.6% 

ELP[I3E2-10] C(VPGIG)3(VPGEG)2(VPGIG)3(VPGEG)2 4419.34 4418.55 8.8% 

ELP[IKIKI-10] C[(VPGIG)(VPGKG)(VPGIG)(VPGKG)(VPGIG)]2 4415.55 4417.35 15.7% 

 

Phase transition temperature measurements of 3mg/mL solutions of ELP[I3K2-10], 

ELP[I3E2-10] and ELP[I3L2-10] in 20 mM Tris-HCl buffer at pH 7.8 were done under 

exactly the same conditions in order to precisely investigate the effect of charge on Tt. 

Figure 3-1 shows turbidity profiles of these three ELPs. Although it has been mentioned 

in previous studies that the ionizable guest residues increase the sensitivity of ELP to salt, 
4,5 turbidity profiles in Figure 3-1 are indicating a different behavior. Panel A shows an 

aggregation assay of ELP[I3L2-10] presents the largest decrease in Tt compared to 

ELP[I3K2-10] and ELP[I3E2-10] in panel B and C respectively. By addition of just 0.5 M 

NaCl Tt is shifted by almost 20°C (Tt of ELP[I3L2-10] without any salt is 48.3°C,  Figure 

2-4). In case of the negatively charged ELP[I3E2-10] phase transition even in the presence 

of high concentration of NaCl did not occur  and ELP[I3K2-10] aggregated after adding 2 

M salt. It seems that the effect of hydrophobicity of guest residue on reducing the Tt is 

stronger than charged side chains. However, in an earlier study it has been shown that 

another characteristic must be considered (in addition to just hydrophobicity of the guest 

residue). Lime et al. found that Tt of ELP[KV7F-n] (in different length of polypeptide) 

was 16-42°C lower than Tt of ELP[KV2F-n] polypeptides.6 Both peptides have similar 
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Na2SO4 are almost identical within the experimental error. Although Tt of these ELPs are 

almost the same there are some differences in phase transition curves. As Figure 3-2 

shows in case of ELP[I3K2-10] the aggregation curve is steeper than one from 

ELP[IKIKI-10]. Mechanism(s) that can cause this difference is not clear to us. Probably 

different way of charge distribution affected the hydrophobic folding in these ELPs. 

Another issue was solubility which was higher for ELP[IKIKI-10] than for ELP[I3K2-10] 

and this was more notable in the buffers with high amount of salt (>0.75 M).   

            

 

3.3.3 Thermal Behavior of Charged ELPs in the Presence of Different 

Salts 

 

To compare the sensitivity of both negatively and positively charged ELPs towards 

different salts, several aggregation assays in the presence of monovalent and divalent 

chloride salts were performed. Moreover, the effect of different anions such as Cl- and 

SO4
2- on Tt of charged ELPs was investigated. Although there are some studies about the 

effect of cations and anions on phase transition temperature of ELPs, but in most cases it 

is about the ELPs with aliphatic guest residues9,10, or the investigation was done 

individually on  negatively charged ELP11 and positively charged one.6 

 

3.3.3.1 Effect of Monovalent and Divalent Chloride Salts 

 

To obtain information about the interaction between monovalent cations such as K+, Na+ 

and NH4
+ and charged ELPs aggregation assays were carried out in Tris-HCl buffer at pH 

7.8. All experimental conditions were the same and the only difference was the 

concentration of salts and the type of the cations. As can be seen in Figure 3-3, ELP[I3K2-

10] exhibited more sensitivity to monovalent cations and aggregated at salt concentration 

than the negatively charged ELP[I3E2-10].  
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A closer look at the phase transition temperatures of both ELPs in Table 3-3 demonstrate 

the different effects of monovalent and divalent cations on reducing Tt of ELP[I3E2-10] 

and ELP[I3K2-10].  

 

Table3-3 Tt of (A) ELP[I3K2-10] and (B) ELP[I3E2-10]   

(A)           (B) 

Salt 
Concentration  

1M 2 M 3 M 

NaCl N.A. N.A. 73.0 

KCl N.A. 51.7 68.8 

NH4Cl N.A. N.A. 79.2 

MgCl2 N.A. N.A. 78.5 

CaCl2 >90 66.4 60.2 

 

 

 

3.3.3.2 Comparison between the Monovalent and Divalent Anions (Cl- and SO4
2-)  

 

After investigation of the thermal behavior of charged ELPs in the presence of 

monovalent and divalent chloride salts, the Tt values of ELP[I3E2-10] and ELP[I3K2-10] 

were determined in the presence of different concentrations of Na2SO4 and (NH4)2SO4. 

As seen in Figure 3-5 phase transition occurred at less than 1 M concentrations of each 

salt, but in the case of chloride salts (Figure 3-3 and Figure 3-4) at least 2 M salt 

concentration was required to reduce Tt to be in the range of measurements (20-90°C). 

Sulfate salts could reduce Tt of charged ELPs more significantly than the correspondence 

chloride salts and have stronger effect on phase transition. Comparison between graphs 

(A) and (B) in Figure 3-5 reveals that ELP[I3K2-10] is more sensitive to Na2SO4 than to 

(NH4)2SO4. Concentrations of 0.75 M sodium sulfate can reduce Tt by around 45°C more 

than ammonium sulfate, however in case of  ELP[I3E2-10] this behavior is inversed and 

the negatively charged ELP showed more sensitivity to (NH4)2SO4 than to Na2SO4 

(Figure 3-5 (C) and (D)).  

Salt 
Concentration  

1M 2 M 3 M 

  NaCl N.A. 46.7 28.9 

KCl >90 46.1 27.4 

NH4Cl N.A. 81.0 58.3 

MgCl2 N.A. N.A. N.A. 

CaCl2 N.A. N.A. N.A. 
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Table 3-5 Tt of charged ELPs in the presence of Na2SO4 

Concentration of Salt 0.5M 0.75M 1M 2M 

ELP[I3K2-10] N.A. 35.9 24.7 N.A. 

ELP[I3E2-10] N.A. 63.6 31.9 N.A. 

 

 

Table 3-6 Tt of charged ELPs in the presence of (NH4)2SO4 

Concentration of Salt 0.25M 0.5M 0.75M 1M 2M 3M 

ELP[I3K2-10] N.A. N.A. 80.5 35.3 N.A. N.A. 

ELP[I3E2-10] N.A. >90 54.9 23.2 N.A. N.A. 

 

 

 

3.4 Discussion and Conclusion 

 

A set of chemically synthesized ELPs containing charged amino acids (Lys and Glu) as 

guest residues in combination with aliphatic Ile are analyzed here. Comparison between 

positively charged ELP[I3K2-10], negatively charged ELP[I3E2-10] and ELP[I3L2-10] 

revealed that the aliphatic ELP exhibits lower Tt value than the charged ones (with same 

amount of salt) but thermal behavior of ELPs when fused to enzyme are different from 

the ELP alone,12,6 for this reason only by comparing the free ELP tags we cannot 

conclude that  ELP[I3L2-10] is a more proper tag than the other ones.  

Next it was investigated if the position of the charged amino acids in ELP can affect the 

hydrophobic aggregation of ELP. To examine this in more detail aggregation assays 

under comparable conditions were performed on ELP[I3K2-10] and ELP[IKIKI-10]. The 

only difference was the position of Lys in the ELP sequence. The results did not illustrate 

noticeable difference in Tt for both ELP, but ELP[I3K2-10] exhibits a sharper phase 

transition than ELP[IKIKI-10], which can be related to purity of polypeptides or the 

position of the Lys and on the other hand  the solubility ELP[IKIKI-10] was higher than 
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ELP[I3K2-10] which is a favorable advantage. Afterwards, a series of aggregation assays 

was carried out with ELP[I3K2-10] and ELP[I3E2-10] to investigate the thermal behavior 

of these ELPs in the presence of selected monovalent and divalent chloride salts and also 

sodium sulfate and ammonium sulfate to examine the difference between chloride and 

sulfate anion. Concerning the salting proteins out the largest and least charged cations are 

most effective.11 Thermal behavior of ELP[I3K2-10] and its aggregation was in agreement 

with this “salting out” rule of cations and it did not aggregate in the range of 20-90oC in 

the presence of divalent cations. On the other hand ELP[I3E2-10] underwent inverse phase 

transition in the presence of divalent cations which demonstrates that the ionizable side 

chains in ELPs have important role in their thermal behavior in the presence of different 

salts.11  

The next step was comparing the effect of different anions. By applying the sulfate anion 

instead of chloride the transition temperatures of both ELPs were noticeably decreased. 

We found that ELP[I3K2-10] was sensitive to sodium sulfate and in the case of ELP[I3E2-

10] Tt was more reduced in the presence of ammonium sulfate.  

 

Altogether we found that although charge distribution in the ELP chain would not affect 

the hydrophobic aggregation, it can influence the solubility of the ELP. The second 

important point was about the most suitable effective salt for reducing the Tt of both 

negatively and positively charged ELPs. In this study we demonstrated that Na2SO4 in 

concentrations of less than 1 M can lower Tt of ELP[I3K2-10] to less than 40 oC and 0.75 

M of (NH4)2SO4 decrease the Tt of  ELP[I3E2-10] to less than 55 oC at 3mg/mL ELP 

concentration. 

 

After testing charged and aliphatic ELPs by themselves we intended to investigate ELPs 

characteristics as fused tags to target enzymes. 
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Chapter 4 
 

 

Thermal Behavior of Protein-ELP Fusion Constructs 

 

 

4.1 Introduction 

 

Fusion constructs of ELP and a given protein maintain the thermal phase transition 

behavior of the free ELP.1,2 It is important to note that the fused protein typically does not 

denature and precipitate when the phase transition is induced and only the ELP part 

aggregates (Figure 4-1 A).3 However the thermal behavior of an ELP is not independent 

of the fused protein and each protein has its own unique properties that affect the ELP tag 

in different ways.4 This phenomenon is reciprocal and fused ELP influences the target 

protein too. This influence should be positive by increasing either expression yield, 

improve function and/or stability of the target protein. If ELP has detrimental impact on 

the fused protein it might not be a suitable tag. Therefore biochemical and functional 

characterization of ELP fusion proteins before applying them in ITC procedures is 

essential. For example, ELP fused to the broadly neutralizing antibody 2F5 against HIV 

1(anti-HIV-1) has no adverse effects on antibody quality but a positive effect on the 

expression yield and also enhances its stability.5 In another study it has been confirmed 

that a fusion protein of human Interleukin 1 receptor antagonist and ELP was bioactive 

and stable.6,7 There are several other studies proving that suitable ELP tags fused to 

proteins have high potential in a variety of applications. ELP fused to cell penetrating 

peptides (CPPs) and therapeutic peptides are described as promising candidates for drug 

delivery to tumor sites and for effective delivery of proteins in to mammalian cells.8 

Pesce et al. demonstrated that cellular uptake of GFP fused to a positively charged ELP 

was enhanced (Figure 4-1 B) and GFP was detected inside cells even after 48 hours.8   
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Table 4-1 Proteins purified by fusion to ELP tags 

Target protein ELP tag ITC condition 
Recovery (yield); 

ITC (rounds) 
References 

Thioredoxin V5A2G3-90 1.25-2 M NaCl, RT ~75%, 1 round 21 

Chloramphenicol 
acetyltransferase 

V5A2G3-90 1.25-2 M NaCl, RT ~80%, 2 rounds 21 

Blue fluorescent 
protein 

V5A2G3-90 1.25-2 M NaCl, RT ~75%, 1 round 21 

Calmodulin V5A2G3-90 2 M NaCl, RT  21 

Organophosphorus 
hydrolase 

V5-78 2.5 M NaCl, RT 67%, 2 rounds 22 

Levansucrase 
V5-20 3 M NaCl, RT 80.2%, 1 round 23 

V5-40 2 M NaCl, RT 97.2%, 1 round 23 

β-Lactamase V5A2G3-110 
1.5 M NaCl, 37°C 18%, 1 round 24 

0.4 M (NH4)2SO4, RT 7.8%, 1 round 24 

Green fluorescent 

protein 
V5A2G3-110 

1.5 M NaCl, 37°C 53%, 1 round 24 

0.4 M (NH4)2SO4, RT 40%, 1 round 24 

 

ELPs can be attached to the target protein via a covalent bond by applying native 

chemical ligation method or they can be genetically fused to the proteins and be 

expressed. Native chemical ligation (NCL)25 is a suitable way to link ELPs to proteins 

because there will be the opportunity to investigate free ELPs and subsequently fuse them 

to different proteins. This method relies on the reaction between the N-terminal cysteine 

of one peptide or protein fragment with the C-terminal thioester of a second peptide or 

protein. The intermediate thioester spontaneously and irreversibly reacts via an S→N acyl 

transfer resulting in a stable amide bond between the two segments (Figure 4-2). Since 

effective solid phase synthesis of long peptides (e.g. consist of more than 50 amino acids) 

remains challenging and in most cases yield of the synthesis is very low, producing fused 

long ELPs (containing more than 20 pentamers) by protein expression will be a proper 

option. To this end a gene encoding ELP tag is fused to the gene of a target protein and 

ELP fusion proteins are expressed in bacteria or plants. 
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surface, increases Tt. This effect is only observed when the proteins are covalently 

attached to the ELP and is not observed when equimolar amounts of the same target 

proteins are added to free ELP.29 Trabbic-Carlson et al. found that surfaces (e.g. fused 

proteins) held in close molecular proximity to ELPs cause dramatic changes in the Tt of 

the ELP and this change is correlated to the net hydrophobic character of the surface.29 

 

Here two enzymes will be fused genetically to ELP tags for testing recycling processes 

using ITC. These enzymes are cellulase and xylanase, which both belong to the hydrolase 

family of enzymes. Cellulase is being utilized to a great extent in industry area diverse 

range of applications. There are several well-established applications such as in cotton 

processing, paper recycling, detergent formulation, juice extraction and animal feed 

additives. Nowadays cellulase is being applied in other areas as well such as agricultural 

biotechnology and renewable energy production (white biotechnology). In some 

industrial processes the high cost of cellulase can be a bottleneck and therefore efficient 

recycling via ITC could be a solution for this problem. 30  

The other enzyme is xylanase which plays a critical role in depolymerizing xylan, the 

major component of hemicellulose. Xylanases (like cellulase) have been used in 

traditional fields such as the food, feed and paper industries. In recent years concepts have 

been developed to use them in producing sugars and other fine chemicals from 

lignocellulose.31,32  

 
 
 

In this chapter two different methods will be applied to attach ELP tags to target proteins. 

Expressed protein ligation33 will be used to covalently link chemically synthesized short 

ELPs(51aa) to the Ras-binding domain (RBD)(81aa). Cellulase and Xylanase will be 

genetically fused to ELP[A1L4-50]. 
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4.2 Material and Methods 

 

4.2.1 Materials 

 

All used solvents and reagents were purchased from commercial sources and used 

without further purification: acetonitrile (ACN) was obtained from Biosolve 

(Valkenswaard, The Netherlands). Trifluoroacetic acid (TFA) was purchased from Roth 

(Karlsruhe, Germany). All other commonly used chemical reagents and solvents were 

obtained from Sigma-Aldrich (Taufkirchen, Germany).     

 

4.2.2 Peptide Synthesis and Purification 

 

Syntheses of ELP[V-10] and ELP[I3L2-10] were carried out on an Applied Biosystems 

433A peptide synthesizer by using the  “in situ neutralization” protocol of tert.-

butyloxycarbonyl (Boc) chemistry solid phase peptide synthesis 34 and purified as 

described in chapter 2. 

  

4.2.3 Fusion Protein Construction and Expression 

 

Ras-binding domain thioester (RBD-SR) was produced and purified as described in the 

standard procedure in a previous study.35  

The gen which was needed for ELP[A1L4-50] fusion construct was ordered at GeneArt® 

(Regensburg, Germany). All the cloning and expression and purification of cellulase-

ELP[A1L4-50] and Xylanase-ELP[A1L4-50] were carried out in the group of T. Brück of 

Technische Universität München. Expression was done at TU München and in house 

conditions. 

  

4.2.4 Native Chemical Ligation 

 

The recombinantly expressed Ras-binding domain thioester (RBD-SR) and ELPs ELP[V-

10] and ELP[I3L2-10] were ligated to obtain the fusion construct of RBD-ELP.  
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100 µM of RBD-SR and 300 µM of ELP were dissolved in 50 mM Tris-HCl buffer at pH 

7.4. Ethanethiol (2% v/v) was added and the reaction mixture (final volume was 4 mL) 

was incubated under mildly shaking overnight at room temperature. Both reactions were 

monitored by SDS-PAGE (18% Laemmli) and LC-MS analysis. Afterwards the 

purification of ligation products were carried out by applying reversed phase HPLC using 

a Varian Pro Star System with 10 mL/min flow rate and a C4 column (250x22 mm, 5 µm 

particle size, Protein C4, Grace Vydac). Elution was achieved running linear gradients of 

25% to 55% buffer B (ACN+ 0.08% TFA) in buffer A (ddH2O+ 0.1% TFA). Collected 

fractions were analyzed by ESI-MS and pooled according to purity.  

 

4.2.5 Characterization of Inverse Transition 

 

Investigation of inverse phase transitions of all protein-ELP fusion constructs were 

performed as described in chapter 2.2.5. 

 

 

4.3 Results and Discussions 

 

4.3.1 Generating Fusion Proteins with ELPs 

 

Two different strategies were utilized to fuse the target proteins to different ELPs. ELPs 

were attached to proteins via expressed protein ligation (EPL) or the target protein was 

genetically fused to the ELP. 

Recombinantly produced Ras-binding domain thioester (RBD-SR)35 was fused to ELP[V-

10] and ELP[I3L2-10] by EPL. In previous studies ELP[V-n] was used as ITC tags, e.g. 

for protein purification but the shortest one was composed of n=20 pentamers.2 Since here 

we used an even shorter ELP[V-10] that was also analyzed by itself, we decided to attach 

this short ELP to RBD (~ 9kDa) and to examine if the thermal phase transition behavior 

of such a short ELP can be transferred to a small protein. To prepare the RBD-ELP 

conjugate RBD with a C-terminal MESNa thioester was ligated to ELP[V-10] and 

ELP[I3L2-10] respectively applying ethanthiol as additive to promote thioester exchange. 

Different thiol additives such as ethanthiol, thiophenol, MPAA and MESNa were used 
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Both cellulase-ELP and xylanase-ELP fusion proteins were expressed in E.coli BL21 

(DE3) cells. 0.5 l Terrific Broth (TB) medium containing kanamycin (50 µg/mL) for 

selection was inoculated from an overnight pre-culture to an OD600 of 0.1 and shaken at 

37°C. Protein expression was induced with 1 mM IPTG during the exponential growth 

phase (OD600= 0.6-0.8) and subsequently incubated at 16°C for 24h. Cells were 

harvested by centrifugation (6000 rpm at 4°C, 15 min). The cell pellet was resuspended in 

lysis buffer (PBS, 20 mM imidazole, pH 7.5). Cells were disrupted by sonification on ice. 

Cell debris was cleared by centrifugation at 18000 rpm for 1 h at 4°C. The clear 

supernatant was loaded on a NiNTA column (GE Healthcare), previously equilibrated 

with PBS buffer, and washed with washing buffer (PBS, 50 mM imidazole, pH 7.5). The 

protein was finally eluted with elution buffer (PBS, 500 mM imidazole, pH 7.5). 20 µL of 

elution fractions were applied to 10% SDS-PAGE to evaluate fractions. Pooled, fusion 

constructs containing fractions were dialyzed overnight in dialysis buffer (PBS, pH 7.5).    

 

4.3.2 Characterization of Fusion Proteins by Turbidimetry 

 

Initially, the inverse phase transition of RBD fused to two different ELPs was 

investigated to compare the effect of hydrophobicity of ELPs on Tt. Both fusion proteins 

exhibited phase transition with different transition temperatures. Figure 4-1(A) and (B) 

show RBD-ELP[V-10] that aggregated at 74.4oC and RBD-ELP[I3L2-10] at 54.6oC. The 

interesting point is the dramatically different thermal behavior of these RBD-ELP fusions. 

In the case of RBD-ELP[V-10] Tt of the fusion protein is lower than for free ELP. But for 

RBD-ELP[I3L2-10] Tt is almost 20°C higher than for the ELP tag alone. Even with such a 

drastic increase in Tt, the transition temperature of RBD-ELP[I3L2-10] is still lower than 

for RBD-ELP[V-10]. This implicates that sufficiently hydrophobic ELPs can aggregated 

in a range (40-60oC) that is suitable for industrial process in which we will apply our ELP 

tags. The effect of salt on the yield of aggregation was examined. Usually when the OD350 

reaches to 2.0 the yield of aggregation is high enough but when OD350 is around 1 or 

lower the yield of ELP aggregation is quite low. Since the maximum optical density of 

RBD-ELP[V-10] only reached to OD350 1.1, it was best to investigate if salt can increase 

the maximum turbidity2 even when the ELP tags are short. To examine the effect of salt 

on aggregation of RBD-ELP[V-10] two concentrations of 1 M and 2 M of NaCl were 
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of applying higher concentrations, which can be problematic in the ITC process, a very 

low concentration of sodium sulfate and sodium chloride (10 mM and 30 mM) were 

added to the 0.9 mg/mL solution of xylanase-ELP[A1L4-50] in water. At a lower 

concentration of xylanase-ELP[A1L4-50] by adding only 30 mM of salt, obtained Tt was 

the same as  the Tt of the fused enzyme 3 times higher in concentration. Thus using salt to 

decrease Tt is more applicable and efficient than increasing the concentration of enzyme. 

As can be seen in Table 4-1 there is not a noticeable difference between the effect of 

NaCl and Na2SO4 and the only important factor is salt concentration.   

 

 

Table 4-1 Transition temperature of xylanase-ELP[A1L4-50] with different salts at 0.9 mg/mL 

Concentration of Salt 0.01M 0.03 M 

NaCl 72.4 oC 71.3 oC 

Na2SO4 72.8 oC 71.9 oC 

 

 

 

Another remarkable point is that the Tt of Xylanase-ELP[A1L4-50] is not affected by 

concentration as previously found for synthetic short ELP tags ,e.g. ELP[A1L4-10]. In the 

case of synthetic ELPs in turbidimetry measurements, a concentration of 3mg/mL (around 

700 µM) was applied and at lower concentrations higher salt concentrations were needed 

to reach to an acceptable range of Tt. But for Xylanase-ELP[A1L4-50] even a difference 

by factor 3 in concentration did not change Tt significantly. This difference in the effect of 

the concentration on Tt is at least partially based on the length of the expressed ELP tag.37  

Meyer et al. reported that as the chain length of ELP increases Tt becomes more 

concentration independent.37 There was not a large change in Tt of ELP[A1L4-50] in 

different concentrations. Therefore, in the next step the aggregation assays of Cellulase-

ELP[A1L4-50] were performed at concentrations of 1mg/mL and 1.2 mg/mL. 
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Cellulase-ELP was not quantitative the concentration of ELP was not high enough for a 

second round of complete aggregation or thermal denaturation of Cellulase-ELP fusion 

construct has severely affected the cellulase as well. Although both ELP[A1L4-50] and 

cellulase are thermostable the possibility that the fusion construct of target protein and 

ELP aggregate irreversibly exists. Meyer et al. have described such an effect for a Trx-

ELP fusion construct, which aggregated irreversibly at temperature above 55°C.2   

Maintaining enzyme activity is certainly one of the most important goal in designing ELP 

fusion constructs. To this end, Cellulase-ELP activity was measured after the heating 

cycle. Activity was measured using 4-Nitrophenyl β-D-cellobioside as substrate. The 

standard assay was performed by incubating 100 µL of sample (1 mg/mL) and 100 µL of 

substrate (10 mM) for 60 min at 50°C in 50 mM sodium acetate buffer (pH 5.0). 

Afterwards the solution was cooled down and centrifuged shortly. The absorbance of the 

samples was measured at 405 nm. Enzyme activity was obtained by comparing the 

absorbance amount with the standard curve obtained by measuring the absorbance of p-

Nitrophenole at different concentrations. The activity assay confirmed that all Cellulase-

ELP samples were active after one aggregation assay (data not shown).     

 

 

 

4.4 Discussion and Conclusion 

 

In this study two different strategies were utilized to attach two ELPs to three different 

target proteins. Two short tags ELP[V-10] and ELP[I3L2-10] were successfully fused to 

RBD-SR via expressed protein ligation. Both fused constructs underwent an inverse 

phase transition. In the case of RBD-ELP[I3L2-10] the Tt was 54.6°C which is an 

acceptable temperature for industrial processes. This indicates that for enzymes and 

proteins with low MW short ELPs can be suitable recycling tags.  

In addition thermal behavior of two enzymes genetically fused to ELP[A1L4-50] was 

investigated. Both cellulase-ELP[A1L4-50] and xylanase-ELP[A1L4-50] were expressed in 

E.coli and after purification they were utilized for measuring Tt by turbidimetry. Both 

constructs exhibited the same thermal phase transition behavior as the free ELP tags. 

Cellulase-ELP[A1L4-50] also maintained enzyme activity after one heating cycle. 
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Xylanase-ELP[A1L4-50] showed high sensitivity to even low amount of salts and by 

increasing the salt concentration by 20 mM only Tt was decreased by 1°C. For instance in 

an earlier study for each 1°C reduction of Tt 70 mM of NaCl were applied.38 Additionally 

Cellulase-ELP[A1L4-50] at a concentration of 20 µM and after addition of 200 mM 

sodium sulfate aggregated at 60.6°C.  

 

A new ELP tag was designed to apply as recycling tag for cellulase and xylanase. The 

fusion constructs undergo inverse phase transition at low concentrations and in the 

presence of low amounts of salt. However for repetitive cycles with almost quantitative 

enzyme recovery further investigations are needed.  

In this study an ELP tag with hydrophobic guest residues was applied to be fused to target 

enzymes. As mentioned above cationic and anionic ELPs can influence Tt based on 

electrostatic attraction between ELPs and proteins. Therefore, charged ELPs can also be 

suitable candidates for fusion to enzymes, e.g. for investigating their phase transition 

characteristics and to test if they can be suitable tags for enzyme recycling.  
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5.1 Introduction 

 

Reversible acetylation of lysine side chains is a post-translational protein modification 

rivaling phosphorylation in its ubiquitous occurrence and function.1 More than 6800 

acetylation sites are known in the mammalian proteome, affecting a wide range of 

proteins, from DNA packaging histones to metabolic enzymes.2 Protein acetylation levels 

are regulated by protein acetyl transferases and protein deacetylases. Sirtuins form the 

deacetylase class III, which differs from other classes in the consumption of one 

nicotinamide adenine dinucleotide (NAD+) cosubstrate per deacetylation reaction3, 

coupling sirtuin activity to cellular energy levels. Sirtuins regulate central physiological 

functions, such as energy metabolism and cell cycle progression, and have been 

implicated in aging processes.4 They are thus considered attractive targets for treatment of 

metabolic and aging-related diseases .5 

Recently, Sirt5 was found to display stronger desuccinylase and demalonylase activity 

and to desuccinylate CPS1 at a Lys that can carry both succinylations and acetylations.6 

The differently localized Sirtuins thus contribute to a spatially varying regulation of 

protein acetylation, and the key for deciphering Sirtuin function is identification of their 

target proteins.  Peroxiredoxin 1(Prx1) resides in the mitochondrial intermembrane space 

(besides a cytosolic fraction)7, which contains reversibly acetylated proteins8 and no 

deacetylase other than Sirt59,10 

To analyse a new Sirt5 substrate, Sirt5-dependent deacetylation of full-length Prx1 was 

tested. Lys 197, was chosen to be acetylated because earlier was found this site was the 

most sensitive site to Sirt5. Besides Lys197 there are other Lys residues in the sequence 

of Prx1 which make it complicated to produce site-specifically acetylated Prx1 by means 

of classical biological methods such as recombinant expression in bacteria. These 

limitations can be overcome by chemical synthesis of proteins.11 Solid phase peptide 

synthesis enables the facile incorporation of modified amino acids at defined positions in 

the peptide sequence. This method together with expressed protein ligation12 (EPL), 

which is based on NCL, is applicable way to produce proteins with posttranslational 

modifications. EPL is based on the self-splicing activity of inteins (Figure 5-1). Inteins 

are internal protein segments that mediate a series of intramolecular rearrangements 
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5.2 Material and Methods 

 

5.2.1 Materials 

 

All Chemicals were from Sigma (Taufkirchen, Germany) if not stated otherwise. N,N-

dimethylformamide (DMF), dichloromethane (DCM), acetonitrile (ACN) were obtained 

from Biosolve (Valkenswaard, The Netherlands). All Fmoc-protected amino acids and  

O-benzotriazole-N,N,N,N-tetramethyluroniumhexafluorophosphate (HBTU) were 

purchased from Novabiochem (Hohenbrunn, Germany).  Fmoc-Lys (Boc)-Wang resin 

was obtained from Iris Biotech (Marktredwitz, Germany). Trifluoroacetic acid was 

obtained from Roth (Karlsruhe, Germany). 

 

 

5.2.2 Solid Phase Peptide Synthesis and Purification 

 

Synthesis of peptides was accomplished manually using fluorenylmethoxycarbonyl 

(Fmoc) chemistry15 on preloaded Wang-polystyrene resins in 0.2 mmol scale. The Fmoc-

amino acids contained the following side chain protecting groups: Gln(Trt), Lys(Boc), 

Lys(Ac) and Cys(Trt). Fmoc deprotection was achieved with 20% piperidine in DMF 

with cycles of 3 and 7 min. Amino acids (2.5 eq.) were coupled using HBTU (2.38 eq.) 

and DIEA (5 eq.) for 30 min. Peptides were globally deprotected and cleaved from dried 

resin with a mixture of TFA, triisopropylsilane and water (92.5:5:2.5) for 3 hours at RT. 

Precipitation of crude peptides was achieved by addition of three volumes of cold diethyl 

ether followed by centrifugation. After washing twice with ether, precipitated peptides 

were dissolved in 50% ACN in water and lyophilized.  

All peptides were purified by reversed phase HPLC using a Varian Pro Star system and a 

C18 column (250x10 mm, 5 µm particle size, Kromasil). Elution was achieved running 

linear gradients of 1% to 45% buffer B (ACN + 0.08% TFA) in buffer A (ddH2O + 0.1% 

TFA). Collected fractions were analyzed by ESI-MS and pooled according to purity.  
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 5.2.3 RP-HPLC Analysis 

 

Analytical RP-HPLC analysis was performed on a Beckman (System Gold) instrument 

using a C18 column (150 x 4.6 mm, 5 µm particle size, Grace Vydac) at a flow rate of 1 

mL/min with a gradient from 1% to 65% buffer B in buffer A over 30 min (buffer A: 

0.1% (v/v) TFA in ddH2O, buffer B: 0.08% (v/v) TFA in ACN). 

 

5.2.4 Mass Spectrometry 

 

Mass spectra were acquired by electrospray ionization (ESI-MS) in positive mode using a 

LCQ-classic (Finnigan) or a LCQ-fleet (Thermo Fisher) connected to an UltiMate 3000 

Dionex HPLC. Separation was achieved using a BioBasic-4 column (150 x 2.1 mm, 5 µm 

particle size, Thermo Fisher) at a flow rate of 0.35 mL/min. ddH2O (+ 0.1% (v/v) formic 

acid) and ACN (+ 0.1% (v/v) formic acid) were used as solvents. Peptide masses were 

detected using electrospray ionization MS in the positive mode. 

 

 

 

5.3 Results and Discussions 

 

 

5.3.1 Acetylated Peptide Preparation  

 

C-terminal Prx1 peptides CKQK and CK(Ac)QK were prepared by Fmoc-based solid 

phase peptide synthesis (SPPS) and HBTU activation protocols on a 0.2 mmol synthesis 

scale. Peptides were deprotected and cleaved from resin by using a mixture of 92.5% 

TFA, 5% TIS and 2.5% water. For peptide acetylation Fmoc-Lys(Ac)-OH was applied. 

Crude peptides were purified by semipreparative C18-reversed-phase (RP) HPLC, 

analyzed by electrospray ionization mass spectrometry using an LCQ Advantage system 

(Thermo Scientific, Dreieich) and pooled accordingly. The obtained masses for 

CK(Ac)QK and for CKQK were 548.35 Da and 506.31 Da, both in very good agreement 

with calculated masses of 548.7 Da and 506.6 Da, respectively.(Figure 5-3) 
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Figure 5-4 SDS-PAGE of Prx1-Intein fusion complete cleavage reaction  

(A) In the lane of cleaved Prx1 there are two bands; the upper band belongs to 

cleaved intein (28 kDa) and the lower band reveals Prx1-thioester (23 kDa)   

(B) Purified Prx1-thioester (23 kDa)  

 

 

 

Prx1-intein fusion protein (20 µM) was cleaved in Prx1-buffer consisting of 20 mM Tris-

HCl and 150 mM NaCl at pH 7.8 by addition of 300 MESNa. Subsequent to gentle 

overnight shaking at 4°C chitin beads were incubated with the protein solution for 2 hours 

at 4°C. Beads were washed three times with Prx1-buffer to obtain the protein-thioester in 

the supernatant with a yield of 75%.The molar mass of Prx1-thioester was verified by 

SDS-PAGE (Figure 5-4) and MALDI-MS analysis (calculated mass: 22,749.0 Da; 

observed mass: 22,729.1 Da. A mass difference of approximately Δ20 Da was found for 

all MALDI-MS measurements of Prx1 variants and was within the error margin of the 

MALDI-MS system used) (Figure 5-5). 
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4°C ligations with CK(Ac)QK and CKQK were complete according to MS analysis. 

Excess peptide was removed by dialysis against Prx1-buffer and ligation products were 

isolated with an average yield of 60% due to loss of protein by precipitation during 

ligation and dialysis. As can be seen in Figure 5-5, Prx1-CKQK and Prx1-CK(Ac)QK 

were identified by MALDI-MS  (Prx1-CKQK: calculated mass: 23,113.4  Da; observed 

mass: 23,092.0 Da; Prx1-CK(Ac)QK: calculated mass: 23,155.5  Da; observed mass: 

23,137.7 Da). 

 

 

5.3.4 Sirt5 Deacetylates a Corresponding Site in Full-length Prx1  

 

All microarray experiments and established data processing were performed by Rauh, d. 

et al. 17 Prx1 protein was prepared specifically acetylated at Lys197, the site sensitive to 

Sirt5 in the microarray experiment, by chemical ligation and tested for Sirt5-dependent 

deacetylation using mass spectrometry. Treatment with Sirt5 indeed resulted in a NAD+-

dependent deacetylation of the Prx1 protein at Lys197 in a time-dependent manner and no 

deacetylation was observed in a control without NAD+. Deacetylation of Prx1-Lys197, 

also catalyzed in the cytosol by HDAC6, induces the low peroxidase activity form of 

Prx1.18,19  

 

 

5.4 Conclusion 

 

 

Peroxiredoxin 1 (Prx1) was specifically acetylated at Lys 197 by applying expressed 

protein ligation method. The C-terminal part which consists of four amino acids (CKQK) 

was synthesized via SPPS and S196 in Prx1 was substituted with a cysteine residue, 

required for chemical ligation. Acetylation of peptide was done by applying a Lys amino 

acid that had already an acetyl group on its side chain (Fmoc-Lys(Ac)-OH).The larger N-

terminal part was expressed in E.coli. Both segments were successfully ligated and the 

ligation product was purified by RP-HPLC for being utilized in further experiments and 

assays. 
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Abbreviations 

 

°C   degree Celsius 

Ac   acetyl 

ACN   acetonitrile 

BFP   blue fluorescent protein 

Boc   tert-butyloxycarbonyl 

Bzl   benzyl 

CAT   chloramphenicol acetyltransferase 

CBD   chitin binding domain 

CPP   cell penetrating peptide 

Da   Dalton 

DCM   Dichloromethane 

ddH2O   double distilled water 

DIEA   Diisopropylethylamine 

DMF   N,N-dimethylformamide 

E. coli   Escherichia coli 

ECM   extracellular matrix 

ELP   elastin-like polypeptide  

EPL   expressed protein ligation 

eq   equivalent(s) 

ESI   electrospray ionization 

ESI-MS  electrospray ionization-mass spectrometry   

Fmoc   Fluorenylmethoxycarbonyl 

Gdn/HCl  guanidinium hydrochloride 

GFP   green fluorescent protein 

HBTU   2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate 

HF   hydrogen fluoride 

His6   hexahistidine tag 

HIV   human immunodeficiency virus 

HPLC   high performance liquid chromatography 
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IPTG   isopropyl-β-D-thiogalactopyranoside 

ITC   inverse transition cycling 

kDa   kilo dalton 

LC-MS  liquid chromatography-mass spectrometry 

LMW   low molecular weight 

M   relative molecular mass 

MALDI-MS  Matrix-assisted laser desorption/ionization- mass spectrometry 

MESNa  sodium 2-mercaptoethanesulfonate 

min   minute(s) 

MS   mass spectrometry/mass spectrum 

MW   molecular weight 

MWcalc.  calculated molecular weight 

MWobs.   observed molecular weight 

Mxe   Mycobac 

NAD+   nicotinamide adenine dinucleotide 

NCL   native chemical ligation 

Ni-NTA  nickel-nitrilotriacetic acid 

NMR   Nuclear magnetic resonance    

OD350   optical density at 350 nm 

PAM   Phenylacetamidomethyl 

PBS   phosphate buffered saline 

Prx1   Peroxiredoxin 1 

RBD   Ras binding domain 

RBD-SR  Ras binding domain-thioester 

RNA   Ribonucleic acid 

RP-HPLC  reversed phase-high performance liquid chromatography 

rpm   revolutions per minute 

SDS-PAGE  sodium dodecylsulfate-polyacrylamide gel electrophoresis 

Sirt   Sirtuin 

SPPS   solid phase peptide synthesis 

TB   Terrific Broth 

TEV   Tobacco Etch Virus 

TFA   trifluoroacetic acid 
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TIS   triisopropylsilane 

Tris   tris(hydroxymethyl-)aminomethane 

Trt   trityl 

Trx   thioredoxin 

Tt   Transition temperature 

UV   Ultraviolet 

v/v   volume per volume 

w/w   weight per weight 

 

 

One- and three code of the 20 canonical amino acids 

 

Alanine  A Ala 

Arginine  R Arg 

Asparagine  N Asn 

Aspartic acid  D Asp 

Cysteine  C Cys 

Glutamine  Q Gln 

Glutamic acid  E Glu 

Glycine  G Gly 

Histidine  H His 

Isoleucine  I Ile 

Leucine  L Leu 

Lysine   K Lys 

Methionine  M Met 

Phenylalanine  F Phe 

Proline   P Pro 

Serine   S Ser 

Threonine  T Thr 

Tryptophane  W Trp 

Tyrosine  Y Tyr 

Valine   V Val 
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