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Polymers – from the greek polumerēs  
(consisting of many parts). 

 

 

1.1 Protein polymers 

Nature is a highly skilled protein polymer engineer. With a limited number of 

relatively simple building blocks, the 20 amino acids, it has been able to create a 

myriad of highly complex and specialized protein polymers. Proteins are normally 

subdivided into two groups, namely, fibrous or globular proteins. This distinction is 

not only conformational but also functional since there is a clear relation between a 

protein’s conformation and its function. Globular proteins are relatively spherical 

in shape, as the name implies, and predominantly function as enzymes, transport 

(chaperones) or receptor proteins. Fibrous proteins are characterized by their 

elongated form, playing a structural role in both animal and plant tissues. Fibrous 

proteins have a multiple level organizational structure which allows energy 

absorption and material reinforcement when subjected to deformation or stress [1]. 

Thanks to this hierarchical structure, these polymers are capable of withstanding 

many complex and harsh environments while maintaining their mechanical 

properties, such as toughness, strength and adaptability. Collagen, silk and elastin 

are fibrous proteins that have received a great deal of attention due to their highly 

desirable properties (Table 1.1). The capability of these materials to unify 

contrasting mechanical properties such as strength, robustness and adaptability is 

of significant interest for tissue engineering, cell scaffolding and drug delivery 

systems [2]. It is within their relatively simple but highly repetitive amino acid 

sequence that resides the capacity to adopt the conformations responsible for their 

mechanical properties (Table 1.1). Despite their advantages, many of these 
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desirable materials can only be obtained in a cost-efficient manner from 

extracellular matrices such as bones, hairs and silk cocoons. This origin is not ideal 

since it poses the risk of pathogen transmission or allergic reactions [3]. 

Furthermore, the extraction of protein polymers from animal tissues results in 

batch-to-batch heterogeneity and irreproducibility of the final product 

characteristics [4]. The difficulty to characterize and predict the final product 

properties limits their applicability. The lack of control over mechanical properties, 

nanostructure, degradation rate [5] and strictly dependence of what is available in 

nature restricts their application in the pharmaceutical and medical fields.  

 

Table 1.1 Basic features of collagen, silk and elastin protein polymers.  

Biopolymer 
Examples of 

typical amino acid 
sequence 

Conformation Main functions 
Relevant 
features 

Collagen 
(Gly-Xaa-Yaa)n 

a 
 

Triple helix 
with 

neighbouring 
molecules 

Structural protein in 
tissues such as 

connective tissue, 
tendon, skin bone 

and cartilage.  

Strength 
and 

flexibility 

Silk 
(GA)n or 

(GGXbb)n or 
(GPGXbbXbb)n

b 

β-sheet and 
random coil 

Building element of 
many arthropod 

nests, cocoon and 
prey traps.  

Strength, 
stiffness 

and 
elasticity 

Elastin 
(Gly-Val-Gly-Val-

Pro)n
c 

α-helical 

Structural protein 
found predominantly 
in connective tissue 

of arteries, 
ligaments, skin and 

lung.  

Strength, 
and 

elasticity 

a Xaa normally proline and Yaa normaly 4-hydroxyproline. 
b Xbb can be either tyrosine, leucine or glutamine. 
c The sequence presented is an idealized designer sequence. Natural elastin comprises a 
multitude of other related sequences.  
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It is therefore not surprising, that there is intensive research in the 

development of new systems for the production of polymers inspired by, or capable 

of, mimicking nature’s diverse protein polymers properties.  

 
 
1.2 Protein production 
 
1.2.1 Synthetic proteins 

Chemical synthesis can be an efficient method to fabricate short peptides in 

relatively small quantities. However, the solid state synthesis of peptide sequences 

with more than 35-40 amino acids is not viable due to a drop in yield and 

efficiency, coupled with an exponential increase in cost [6]. Furthermore, chemical 

synthesis of longer polypeptides by random polymerization process, originates a 

mixture of products with different chain lengths [7]. Although, synthetic materials 

offer significant tunability, which is difficult to achieve with harvested natural 

materials, concerns remain about the potential immunogenicity and toxicity of 

degraded fragments, crosslinkers and activating agents, used to manufacture 

synthetic polypeptides (Table 1.2) [5].  

1.2.2 Recombinant proteins - inspired by and produced by nature  

An alternative to the protein materials harvested from natural sources or synthetic 

protein polymers, is the use of recombinant protein biomaterials. Recombinant 

protein biomaterials have the advantage of being able to combine desirable 

properties from both natural and synthetic biomaterials (Table 1.2) [5]. 

Additionally, the biosynthesis of peptide polymers using natural pathways allows 

monodisperse and extremely sophisticated polymers to be synthetized [8]. The 

advantages of using recombinant DNA approaches include i) the formation of 

biopolymers with a defined primary sequence, stereochemistry and precise 

molecular weight by employing genetic templates; ii) reasonable quantities of 

polymers generated by utilizing recombinant systems; iii) targeted secondary and 
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tertiary structures by using in vivo folding machinery; iv) lack of harsh organic 

solvents used in synthesis and purification; and v) purification of recombinant 

proteins is accomplished with the use of water as solvent which is less harmful to 

the environment. Moreover, the absence of solvents and chemicals makes the 

proteins readily available for medical applications [9].  

Recombinant DNA technology is particularly advantageous in the 

expression of large and repetitive proteins such as collagen and silk. Codon 

selection is important since the repetitive nature of the primary sequence presents 

an opportunity for loss of message integrity through looping out of sequence [10]. 

For many proteins the codon usage pattern in the native host is quite distinct from 

that of the microbial host, to the extent that inefficient synthesis and potential 

deletions or other errors in the product may occur [10]. An optimization of the 

codon usage according to the recombinant host is therefore advisable.  

 

Table 1.2. Comparative advantages and challenges of different protein production methods 
(adapted from [5]). 
 Synthetic 

polypeptides 
Natural polypeptides 

 
Recombinant protein  

materials 
Toxicity Can be high Low Low 
Tunability High Low High 
Yield Peptide dependent Low Low 
Bioactivity  Can be low High High 
Batch-to-batch 
consistency 

Can be low Low High 

 

Despite the obvious advantages, the design and synthesis of recombinant 

proteins biomaterials come with a specific set of challenges. So far, a universal 

system for protein production does not exist. For each recombinant protein a 

flexible cloning strategy must be designed, a recombinant gene must be 

synthesized to achieve translational efficiency, an appropriate expression system 
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must be chosen and purification protocols developed to obtain high yields of 

engineered protein.  

In order to be able to produce protein materials and to determine which 

recombinant system can best perform the task, one needs to know exactly how they 

are produced in nature. The main focus of this thesis is the recombinant production 

of custom-made collagen-like proteins in Pichia pastoris. Hence, a deep 

understanding of how collagen is synthesised and of P. pastoris main 

characteristics, are of fundamental importance.  

 
 
 1.3 Collagen  

Collagen is characterized by a unique tertiary structure, the triple helix, responsible 

for maintaining the structural integrity of tissues and organs. Due to this special 

conformation, all multicellular animals possess collagens as major structural 

proteins [3]. Collagens also regulate a number of other biological events, including 

cell attachment, migration and differentiation, tissue regeneration and animal 

development [3]. The specific functions of collagens are prompted by specific 

interactions of collagen-binding molecules (membrane receptors, soluble factors 

and other extracellular matrix components) with structures displayed on the 

collagen triple helices [3]. Collagen molecules may also contain non-collagenous 

(non-triple helical) domains involved in other more sophisticated functions than 

just the molecular architecture of basement membranes. The non-collagenous 

domains of collagen IV, XV and XVIII are known to inhibit angiogenesis and 

tumor growth [11, 12]. Proteolytic release of the soluble non-collagenous 

fragments stimulates migration, proliferation, apoptosis or survival of different cell 

types and suppresses various morphogenetic events [13]. To date, about 30 

genetically distinct types of mammalian collagen molecules have been identified 

that are assembled into at least 19 collagen varieties found in different tissues in the 

same individual [14]. Collagen-like molecules have also been found in lower 
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eukaryotic, prokaryotic, and viral genomes [15]. ‘Collagen’ is therefore a generic 

term to cover a large family of distinct proteins, each with specific structures, 

functions and tissue distribution in the extracellular matrix. Nonetheless, regardless 

of the type of collagen and its origin one feature is key, viz. the triple helix. All 

collagen share the same triple helical structure where three parallel polypeptides, α-

chains, coil around each other to form a right handed triple helix. In animals, these 

free collagen triple helices are known as tropocollagen and its hierarchical 

organization into more complex structures generates fibers and networks in tissues, 

such as bone, skin tendons, basement membranes and cartilage [16, 17].  

The ability of the triple helix to assemble into supramolecular structures 

(Fig. 1.1) is the reason for collagen commercial uses in food industry and medical 

applications such as cosmetic surgery and tissue repair.  

 

 

Figure 1.1 The fibroblast is one of the sites of collagen synthesis. Procollagen molecules 
are produced individually and then developed into triple helices (tropocollagen) through a 
series of post-translational modifications in association with other procollagen molecules. 
The tropocollagen molecules associate to form fibrils. Fibrils are organized into fibers. 
Successive levels of fiber organization (secondary and tertiary bundles) culminate in the 
tendon substance. Reproduced with permission from ref [18].  
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1.3.1 Structure and biosynthesis of mammalian collagen 
 
1.3.1.1 How is the triple helix conformation achieved? 

As mentioned, the triple helix conformation is due to the unique amino acid 

composition and sequence of the collagen protein. All collagens are characterized 

by the repetition of triplets of the type (Gly-Xaa-Yaa). It is the presence of glycine 

every third amino acid that allows the three polypeptide chains to coil around each 

other since only side chains the size of a hydrogen atom can be accommodated in 

the triple helix interior [3]. The three polypeptide chains in the triple helix are 

staggered by one-residue along the common axis of the helix and linked through 

interchain hydrogen bonds. The hydrogen donors are the peptide –NH groups of 

glycine residues and the hydrogen acceptors are the peptide –CO groups of 

residues on the Yaa positions [19]. In many mammalian collagens such as type I or 

type III, about one-third of the Xaa and Yaa positions are occupied by proline and 4-

(R)-hydroxyproline residues respectively, which stabilize the helix conformation 

due to the ring structure and stereoelectronic effects [20, 21]. To further stabilize 

the triple helix, some lysine residues are also converted to hydroxylysine, which 

can then react into covalent intermolecular crosslinks. Together with bridging 

water molecules, the covalent crosslinks, can participate in hydrogen bonds 

between the polypeptide chains [22-24]. The triple helix is further modified to meet 

the specialised needs of different tissues such as bone, skin, tendon, teeth, blood 

vessels and cartilage [19, 24, 25]. Collagen synthesis is a complex process that 

involves a number of intracellular and extracellular post-translational 

modifications.  

 
 
1.3.1.2 Mammalian collagen biosynthesis – from triple helix to fibrils 

Due to its special structure, and to the number of steps involved to achieve it, 

mammalian collagen production takes place in highly specialized cells, such as 

fibroblast, chondrocytes and osteoblasts [6]. Collagens are first synthesized in the 
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rough endoplasmic reticulum as long rod-like proteins composed of three proline 

rich chains known as procollagen [26]. In the ER, these chains are packed into a 

triple helix that is stabilized by hydrogen bonds between the residues in the chain. 

The folding of the procollagen triple helix requires the hydroxylation of specific 

prolines by prolyl hydroxylase because hydroxyproline is essential in creating 

stereoelectronic effects stabilizing the triple helix [21]. If prolyl hydroxylase is 

inhibited, procollagen does not completely fold and is retained in the ER [27]. It is 

the different hydroxyproline content of the collagen protein that adjusts the thermal 

stability of collagen monomers to the body temperature in warm-blooded animals 

or to the environment temperature in cold-blooded animals [28]. For the proper 

alignment and folding of the three chains and to regulate the time at which fibril 

formation is triggered, many procollagen molecules contain two globular 

propeptides situated at the N- and C-terminal ends [3, 26]. The N- and C- 

propeptides prevent the premature formation of fibrils and fibres inside the cell [19, 

25]. The C-terminal propeptides promote nucleation of triple helix formation which 

then propagates in a zipper-like manner towards the N-terminus [19, 25].  

After triple helix formation inside the ER, the oligomeric complex moves 

to the Golgi where it aggregates (Fig. 1.2). During transport from the ER to the 

Golgi, procollagen is found within tubular-saccular structures 300 nm in length 

[26]. Thus, this supramolecular cargo does not utilize the conventional 60-80 nm 

vesicle-mediated transport used by globular proteins to traverse the Golgi stacks 

[26]. Bonfanti et al. suggested that procollagen moves in the anterograde direction 

across the Golgi complex by a process involving progressive maturation of Golgi 

cisternae. Once in the extracellular space, the N- and C-domains are cleaved off 

and the tropocollagen subunits spontaneously assemble into larger structures 

(microfibrils and fibrils) (Fig. 1.2) [26].  
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heterogeneity between batches [4]. The gelatine production process further adds to 

the heterogeneity of the material. The industrial production of gelatine consists of 

three main steps: pre-treatment of the raw material (normally skin and bones of 

cows and pigs), extraction of the gelatine, and purification and drying. The first 

step, the pre-treatment, consists of either an alkaline (liming) or acid treatment 

depending on the degree of covalent bonds in the collagen triple helix. Liming is 

mainly applied to animal tissues, in which collagen has a high degree of covalent 

links. It breaks the covalent cross-links and improves the efficiency of gelatine 

extraction. A smaller number of covalent bonds are broken during the acid 

treatment, which is thus limited to tissues of young animals, or tissues with small 

amounts of covalent bonds. After pre-treatment, the gelatine is extracted with hot 

water. The heat breaks the hydrogen and hydrophobic bonds within the triple-helix 

structure and leads to its dissociation into individual soluble chains, and small 

fragments. Cooling makes the chains rewind once again into a triple helical 

structure. However, because the chains have lost their initial register and 

properties, they do not align correctly and do not fold into complete collagen triple 

helices. Instead, they form interconnected triple helical junction zones in a random 

fashion. The helix formation is determined by the coincidental proximity of 

polypeptide domains and the potential thermostability of helices formed by the 

interaction of those domains [30]. The final product is composed of a mixture of 

collagen chains of different length and composition, with various individual 

melting properties. In view of the low degree of control over the rheological and 

melting properties that can be obtained for traditional gelatines, there is a need to 

find new sources of collagen and gelatine in which the properties can be better 

controlled.  
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Table 1.3. Comparison of critical parameters of animal-derived collagen and recombinant 
collagen (taken from [4]). 

Parameter Animal-derived collagen Recombinant collagen 
Source Collagen extracted from 

numerous animal carcasses and 
tissues 

Genetically well-defined expression 
systems 

Safety Risk of contamination with 
prions and viruses 
original source not easily 
identified 

No risk of prion/animal virus 
contamination 
Fully characterized, defined source  

Predictability Batch-to-batch variability high 
with mixture of type I and III 
chains. 

Consistent and reproducible process 
leading to predictable performance  

Structure Derived from covalently 
crosslinked type I and type III 
collagen with degree of 
crosslinking dependent on 
animal age and tissue; 
homogeneous gelatine difficult 
to purify 

Derived from mostly monomeric 
collagen or well-defined segment of 
a single chain, from which  
homogeneous, recombinant gelatine 
can be derived 

Product 
recovery 

Complex and variable tissue 
matrices, require harsh 
treatment for collagen extraction 

Reproducible extracellular or 
intracellular product recovered by 
cell/tissue breakage under mild 
conditions, using pharmaceutical-
type bioprocessing 

Intellectual 
property 

Limited Property composition, formulation 
and processing, trademark possible 

Customizability Limited Collagens of specific conformation 
and composition can be engineered 
to enhance or remove certain 
characteristics for the application of 
interest. 

 
 
1.4.2 Recombinant Collagen 

Over the past 20 years, recombinant systems for the large scale-production of 

recombinant collagen have been developed and optimized. A comparison of critical 

parameters of animal-derived collagen and recombinant collagen is summarized in 

Table 1.3, which illustrates the many advantages of the recombinant production.  
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Recombinant collagen has been expressed in mammalian cells, insect cells, 

Escherichia coli, transgenic tobacco, mice and silkworm [4, 6]. Of these 

recombinant hosts, only the mammalian cells expressed collagen with 4-

hydroxyproline content identical to native collagen. However, since the level of 

protein production was low (0.6-20 mg/L) and the process costs (media, etc.) were 

high, this system was not commercially viable [6]. Accumulation to commercially 

acceptable levels of various types of collagen has been successfully achieved using 

P. pastoris and Saccharomyces cerevisae, making microbial production using yeast 

the current method of choice for production of recombinant collagen [10, 31-33]. 

As host organisms, yeasts combine the molecular genetic manipulation and growth 

characteristics of prokaryotic organisms together with the subcellular machinery 

for performing post-translational protein modification of eukaryotes [34, 35]. 

Because yeast recombinant systems have no native proly-4-hydroxylase (P4H) the 

production of fully hydroxylated and therefore triple helical recombinant collagen 

relies on its co-expression with an animal or human P4H [32, 36, 37]. The use of a 

non-hydroxylating recombinant system results in unstable non-triple helical 

collagen molecules. These are susceptible to potential proteolytic degradation [33]. 

Furthermore, non-hydroxylated collagen is incapable of self-assembly into 

collagen fibrils [38], which makes it unsuitable for tissue engineering applications.  

 
 
1.4.3 Pichia pastoris as a host system 

P. pastoris has been widely used to produce recombinant proteins in both basic 

research and industrial biotechnological applications [39]. P. pastoris offers several 

advantageous features: ease of genetic manipulation; availability of an efficient 

host-vector system, including the tightly regulated, inducible and very strong AOX1 

promoter and the ability to produce properly folded proteins with correct 

disulphide bond formation and other eukaryotic posttranslational modifications 

[35, 39]. Because a methanol-inducible system based on the AOX1 promoter allows 
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for tightly regulated high-level expression of foreign genes, the commonly used 

fermentation strategies are based on the use of glycerol as a substrate for biomass 

growth, followed by methanol feed for induction [34, 35]. P. pastoris is also well 

developed for industrial fermentation reaching high cell densities on low-cost 

media [34, 35]. Since P. pastoris only secretes few endogenous proteins and 

proteases [39], the purification of the heterologous product from the culture 

medium is simplified. Furthermore, P. pastoris genome has been recently 

sequenced [40] opening the door for its improvement as a cell factory through 

systems biology strategies. Given the obvious advantages, P. pastoris is frequently 

used as a cell factory for the production of a number of recombinant proteins [33-

35, 39]. However, the use of this system for the secreted production of collagen 

triple helix has proven to be a challenge.  

 
 
1.4.4 Pichia pastoris and the collagen triple helix 

Recombinant type I and III collagen fragments ranging in size from 8.7 to 53 kDa 

have been shown to be expressed at high levels in P. pastoris and secreted into the 

culture medium as single-chain polypeptides by the yeast α-mating factor (α-MF) 

pre-pro sequence [33, 41, 42]. In contrast, recombinant full-length triple helical 

type I and III procolagen molecules are not secreted by neither the authentic 

collagen signal sequence nor the α-MF, but accumulate within the endoplasmic 

reticulum (ER) [37, 43-45]. This incapacity to secret full length triple helical 

procollagen is not unique to P. pastoris as it also occurs in Sacharomyces cerevisae 

and insect cells, where the procollagen chains are likewise translocated into the 

lumen of the ER [25, 32, 46, 47]. Transportation of collagen polypeptide through 

the secretory pathway of P. pastoris appears to be affected by its conformation 

[36]. Such results could be explained by the absence of collagen-processing and/or 

collagen-specific transport machinery in P. pastoris. It is noteworthy; that a full-

length type I procollagen molecule is a rod-like protein 300 nm in length which 
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does not fit the conventional 60-90 nm transport vesicles of the P. pastoris 

secretory pathway.   

P. pastoris could thus be used for selective expression of non-secreted 

triple-helical and secreted single chain fragments, depending on the application. 

However, the intracellular accumulation of triple helical collagen could cause 

considerable stress in the host cell and lead to production arrest and protein 

degradation. In view of the protein yield, it would be more appropriate to use P. 

pastoris for the secreted expression of single chain collagen and perform in vitro 

hydroxylation for the establishment of the triple helical conformation. Also, 

downstream purification costs account for 80% of the total production costs 

making the possibility to secrete these proteins extremely appealing from the 

economic point of view.   

Taking this into consideration, our group has developed collagen-inspired 

block copolymers capable of forming triple helices but not along the full length of 

the polypeptide chain. Triple helix formation is restricted to certain chain segments 

(blocks) and does not require proline hydroxylation.  

 
 
1.5 Collagen-like polymers – the non-hydroxylating system 

An interesting aspect of the use of recombinant production systems is the 

possibility to design novel molecules based on the triple helix motif, but different 

from natural collagens. Our group has developed a yeast-based recombinant system 

for the production of collagen-inspired triblock polymers. These triblock polymers, 

known as collagen-like proteins compromise repetitions of the distinctive collagen 

(Gly-Xaa-Yaa) amino acid domain, in order to establish triple helices and gelatin-

like behaviour [31, 48].  

Our triblock polymers consist of two thermo-responsive terminal (Pro-Gly-

Pro)9 end blocks capable of forming triple helices, denoted as “T9” and a middle 

block, abbreviated as Pm or Rm, that assumes random coil conformation at any 
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temperature (Fig. 1.3) [31, 49]. Due to the high proline content [31] the (Pro-Gly-

Pro)9 (T9) domain has all the information needed for the triple helix formation and 

no proline hydroxylation is required [31, 48]. The melting temperature (Tm) of the 

triple helices formed by [(Pro-Gly-Pro)9]3 is ~ 41 °C (at 1.1 mM of protein) 

meaning, that at this temperature half of the helical structure of the gelatine 

solution is lost [31]. The protein-protein interactions are done by weak, non-

covalent hydrogen bonds, established between the peptide-NH of the glycine and 

the peptide-CO of the proline C-terminal to the glycine in an adjacent chain. The 

triple helices are thus reversible in nature, which allows thermoreversible gel 

formation and, furthermore allows the gels to restructure and flow.  

The P and R blocks are identical with respect to molecular weight and amino 

acid composition, but have a different amino acid sequence (Fig. 1.3). Block R is a 

randomized version of P, in which glycine never occurs in the third position after a 

previous glycine [31]. As in collagen, glycine occurs every third position in the P 

block, but neither P nor R can form triple helices and remain in a random coil-like 

conformation [38] down to 0 °C.  

Our TnPmTn and TnRmTn block copolymers consist therefore of short 

proline-rich triple helix-forming end blocks that define the Tm of the gel, separated 

by long random coil spacer blocks that define the distance between the trimer-

forming domain in the molecules. As the protein sequence is fully known and triple 

helix formation is exclusive to the (Pro-Gly-Pro)9 domains, these proteins are 

capable of establishing a gel network with defined pore sizes and physical-

chemical properties [48, 50]. Furthermore, their secreted production by the yeast P. 

pastoris is highly successful. 
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Although, these proteins can establish stable triple helices at the optimal P. pastoris 

growth temperature (30°C) this did not seem to cause any secretion impairment. 

The middle block length also didn’t seem to have an effect on the secreted 

production yield since triblock copolymers with different midblock lengths were 

equally successfully produced [49].   

 
 
1.5.1 Unveiling sequence-stability and structure stability 

The above mentioned triblock system is ideally suited for applications involving 

the energetic and structural control of materials. It can be used as a model to 

investigate the relationship between the number of the individual repetitive motifs 

and their mechanical function in the triple helix.  

Our collagen-inspired self-assembling materials were previously used as a 

model system for a study of physical networks [48, 50]. The well-defined junction 

multiplicity of three and the singularity of the forces involved, generated 

exclusively by hydrogen bonds, made it possible to develop a theoretical model 

based on classical gel theory and calculate the viscoelastic behaviour of the 

network [48]. It was concluded, that the gel structure and the resulting mechanical 

properties strongly depend on concentration, temperature and the molecular design 

of the polymer [48, 49]. An increased size of the middle block markedly increases 

the gel stiffness and decreases the erosion rate, as a result of decreased formation 

of intramolecular loops [48, 49].  

The potential use of these proteins as drug delivery systems has been showed 

by Teles et. al [49]. However, in the investigated series, only the influence of the 

midblock length on the viscoelastic and slow release properties of the gel was 

studied. The networks were established by the exact same trimerizing (Pro-Gly-

Pro)9, domain having therefore the same Tm [31]. As mentioned, this domain 

corresponds to a Tm of 41°C (at 1.1mM), which is not suitable for all medical 

applications. Furthermore, the present networks erode within 2 days, which is too 
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fast for tissue engineering applications. The degradation should be synchronized 

with cellular repair in such a way, that tissue replaces the material within the 

desired time interval. It would be interesting to design a series of triblocks with 

custom-made Tm for specific medical applications.  

Tm is expected to be dependent on the length [51] and amino acid sequence 

[52] of the helix-forming end-blocks. Triple helices formed by longer (Pro-Gly-

Pro)n stretches will have a higher Tm, due to the higher number of hydrogen bonds 

involved (Fig. 1.3) [52, 53]. In the present thesis, new block copolymers with 

different lengths of (Pro-Gly-Pro) trimerizing blocks, were designed in order to 

study its influence on the Tm and viscoelastic properties of the gel. The capability to 

independently design each block, by genetic engineering, allows the development 

of a new class of hydrogels with fine-tuned physicochemical properties and tailor 

made functionalities.  

 
 
1.6 Aim and outline of this thesis 

 
Collagen is a highly desired material in the biomedical field due to its special 

characteristics; it can provide both strength and flexibility. Although this natural 

protein, and its denatured counterpart, gelatine, can be easily harvested from 

animal tissues, the resulting products have unpredictable properties and suffer from 

batch-to-batch variations. The animal origin of these materials further raises safety 

concerns and restrains us to what is already available and in sufficient amounts in 

nature. Chemical synthesis could be an alternative for the production of short-

length protein polymers, but for proteins with more than 35-40 aminoacids, the 

price costs would be too high. Recombinant technologies seem to be the answer to 

these short-comings. In theory, these new technologies allow the design of new 

protein materials with predictable and custom-made properties and the use of safe, 

reliable recombinant systems for its production.  
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The subject of this thesis is the use of P. pastoris as a cell factory for the 

production of recombinant collagen-inspired proteins with tunable composition, 

structure and melting temperatures. Our previous results showed that triblock 

polymers with (Pro-Gly-Pro)9 trimer-forming end blocks, with a Tm of 41 °C, are 

efficiently produced and secreted by P. pastoris. The fact that these polymers can 

form stable triple helices at the growth temperature (30 °C) of P. pastoris, did not 

seem to have an effect on their secretion. Based on these results, we designed a 

series of triblock polymers with different (Pro-Gly-Pro)n length, to study the 

influence on the Tm and obtain gel networks with different properties. However, the 

results obtained seem to indicate that the (Pro-Gly-Pro) length influences not only 

the triple helix Tm but also the protein secretion yield.  

In Chapter 2, we describe the influence of the elongation of the trimer-

forming end-block to (Pro-Gly-Pro)16 on both the triple helix Tm and secretion 

yield. The elongation of the trimer forming block did increase the Tm but also 

resulted in a five times lower secretion yield, and partial protein degradation. In 

this chapter, we study the reasons behind this result by scrambling the amino acid 

sequence of the trimerizing end block such, that triple helix formation was 

suppressed. Scrutiny of the proteolysis profile allowed the discovery of the enzyme 

responsible for the protein degradation. The creation of a strain deficient in the 

specific protease allowed the secretion of the intact polymer which was then 

capable of forming self-supporting gels of high thermal stability. Although the 

proteolytic degradation was overcome, the production yield remained the same in 

the protease deficient strain. To further optimize P. pastoris as a cell factory for the 

production of collagen-like proteins with high thermal stability, the secretion 

bottleneck must be known. In Chapter 3, electron microscopy was used to study the 

intracellular distribution of the recombinant molecules with and without helix-

forming capacity. Clear morphological differences between the cells expressing 

trimer-forming and non-trimerizing proteins could be observed. These observations 

allowed drawing conclusions on further optimization of P. pastoris as a cell factory 
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for the production of collagen-inspired gel-forming polymers with high thermal 

stability. 

In Chapter 4, a series of triblock copolymers with different triple helix-

forming (Pro-Gly-Pro)n end blocks length were designed, and the product 

intactness compared. In this chapter, the possibility of tuning the Tm independently 

of the mid-block through the variation of the (Pro-Gly-Pro)n length was 

investigated. The possible influence of the mid-block on the final Tm was also 

studied by comparison of the Tm of the triblock with the Tm of free (Pro-Gly-Pro)n 

blocks of the same length. Differential scanning calorimetry and rheology 

experiments were performed to characterize the thermostability of the triple helices 

and the rheological and relaxation properties of the gel network formed. The need 

to use a P. pastoris protease deficient strains according to the (Pro-Gly-Pro)n length 

was also investigated. 

In Chapter 5, the possibility of using a simple technique like SDS-PAGE to 

study differences in the amino acid sequence and the capacity to establish protein-

protein interactions was investigated. 

In Chapter 6, the most relevant results obtained in Chapter 2, 3, 4 and 5 are 

highlighted and conclusions drawn. Also, in this chapter, other relevant results that 

deserve further research will be discussed.  
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Abstract 

 

Previously, we have shown that gel-forming triblock proteins, consisting of random 

coil middle blocks and trimer-forming (Pro-Gly-Pro)9 end blocks, are efficiently 

produced and secreted by the yeast Pichia pastoris. These end blocks had a melting 

temperature (Tm) of ~41°C (at 1.1 mM of protein). The present work reveals that an 

increase of Tm to ~74°C, obtained by extension of the end blocks to (Pro-Gly-

Pro)16, resulted in a five times lower yield and partial endoproteolytic degradation 

of the protein. A possible cause may be that the higher thermostability of the longer 

(Pro-Gly-Pro)16 trimers results in a higher incidence of trimers in the cell, and that 

this disturbs secretion of the protein. Alternatively, the increased length of the 

proline-rich (Pro-Gly-Pro)n domain may negatively influence ribosomal translation, 

or may result in e.g. hydrophobic aggregation or membrane-active behavior owing 

to the greater number of closely placed proline residues. To discriminate between 

these possibilities, we studied the production of molecules with randomized end 

blocks that are unable to form triple helices. The codon- and amino acid 

composition of the genes and proteins, respectively, remained unchanged. As these 

nontrimerizing molecules were secreted intact and at high yield, we conclude that 

the impaired secretion and partial degradation of the triblock with (Pro-Gly-Pro)16 

end blocks was triggered by the occurrence of intracellular triple helices. The 

degradation of the triple helix-forming molecule was overcome by using a yapsin 1 

protease disruptant, and the intact secreted polymer was capable of forming self-

supporting gels of high thermal stability. 
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2.1 Introduction 
 

Collagen, and its denatured and partly degraded derivative, gelatine, are important 

biomaterials in regenerative medicine and tissue engineering [1]. The characteristic 

feature of collagen is its triple-helical structure, consisting of three polypeptide 

chains in 31 (extended) helical conformation, coiled around each other. Each chain 

of the triple helix consists of repeating Gly-Xaa-Yaa triplets, where Xaa and Yaa can 

be various amino acids. The presence of glycine every third amino acid is essential, 

as only amino acid side chains the size of a hydrogen atom can be accommodated 

in the triple helix interior [2]. About one-third of the Xaa and Yaa positions is 

occupied by proline residues, which promotes the extended helix conformation. It 

is only because the prolines in the Yaa position are post-translationally modified to 

4-hydroxyprolines by the enzyme peptidyl-prolyl-4-hydroxylase [P4H; 3, 4], that 

triple helices at this low proline content are thermally stable above 5-15°C. 

Despite the importance of collagen and gelatin in biomedical applications, 

their principal source - animal tissue - poses the risk of immune reactions or 

transmission of pathogens. The development of recombinant systems for the 

production of custom-made artificial collagens offers the advantage of a safer 

material with predictable properties [5, 6]. Recombinant yeast systems such as 

Saccharomyces cerevisiae or Pichia pastoris have been successfully used for the 

production of single-chain (i.e unfolded) collagen-like proteins [7-10]. However, 

because of the absence of a native P4H in these yeasts, their use for the production 

of triple-helical collagen relies on the coexpression of heterologous P4H subunits 

and the collagen polypeptide chains [11-13]. It was found that the triple-helical 

conformation so obtained completely inhibited collagen secretion, leading to 

protein accumulation in the yeast cell [14, 15]. 

Our group has previously developed a nonhydroxylating system for the 

secreted production of gel-forming triblock copolymers [6]. These ‘gelatins’ 
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consist of long random coils flanked on both ends by collagen-inspired (Pro-Gly-

Pro)n domains. Because of their high proline content, these domains are capable of 

forming triple helices without prolyl-4-hydroxylation. In this system, the length 

and composition of the random coil domain, and the length and melting 

temperature (Tm) of the (Pro-Gly-Pro)n end blocks can be independently tuned, 

resulting in gels with custom-made properties [6, 16, 17]. The previously described 

‘T9P4T9’ is such a triblock-copolymer, equipped with a highly hydrophilic ~37 kDa 

‘P4’ middle block, flanked by two (Pro-Gly-Pro)9 end blocks (‘T9’). It is capable of 

forming trimers with a Tm of 41°C [as determined at a protein concentration of 1.1 

mM; 6]. Although one might expect this protein to form intracellular triple helices 

or even gels during secretion, T9P4T9 was efficiently produced and secreted by P. 

pastoris [6]. 

Triple helices formed by longer (Pro-Gly-Pro)n stretches will have higher 

thermostability owing to the larger number of hydrogen bonds involved [18, 19]. 

So as to explore the possibilities for production and secretion of gel-forming 

triblock copolymers with higher Tm, we presently increased the trimer 

thermostability by extending the T9 end blocks to (Pro-Gly-Pro)16, further denoted 

as ‘T16’. This, however, led to a lower yield and partial degradation of the 

‘T16P4T16’ product. Although in our polymers only the short end blocks can 

become triple-helical, the increased trimer thermostabilty of T16 may have triggered 

a response similar to the above-mentioned arrested secretion of fully triple-helical 

collagen. On the other hand, elongation of the end blocks also causes a higher 

demand for Gly and Pro tRNAs, and leads to increased hydrophobicity of the end 

blocks. Also these effects could potentially influence production levels. To 

determine whether triple helix formation is the main cause of the impaired 

secretion of T16P4T16, we developed nontrimerizing variants of T9P4T9 and 

T16P4T16. In these polymers, the end blocks were equal in length and amino acid 

composition to T9 and T16, but their sequence was randomized so as to avoid the 
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(Gly-Xaa-Yaa)n configuration. On the DNA level the codon usage was kept the 

same. We also investigated whether the degradation of T16P4T16 could be remedied 

by using a protease knock-out strain previously developed in our laboratory [8]. 

 
 
2.2 Material and Methods 
 

Construction of Expression Vectors 

The gene encoding T16 was constructed by concatenating two copies of the T gene 

monomer present in vector pCR4-TOPO-T9 [6]. The vector was cut with 

RsrII/EcoO109I to release the T monomer and, in a separate digestion, linearized 

with EcoO109I and dephosporylated. The released T9 block was ligated into the 

linearized and dephosphorylated vector, to yield pCR4-TOPO-T16. The vector 

pMTL23-P4 [10] contains a gene encoding the custom-designed, highly 

hydrophilic ~37 kDa random coiled protein ‘P4’. Addition of the T16 gene to both 

sides of the P4 gene via DraIII/Van91I, and the subsequent construction of 

expression vector pPIC9-T16P4T16 was exactly analogous to the construction of 

vector pPIC9-T9P4T9 described previously [6]. 

The monomeric gene S9 was designed by randomizing the sequence of the 

T9 gene monomer in such a way that not every third residue is a glycine and so, 

any (Pro-Gly-Pro)n sequence was abolished. This prevents the formation of 

collagen triple helices by the encoded protein, while the amino acid composition is 

kept the same. The codon usage of the S9 gene was also kept identical to that of the 

T9 gene. The S9 block was prepared by overlap extension PCR using the 

oligonucleotides5’-GAGTCTCACCCGGTGAGC-3’and 5’CCACCGGCTGGA 

GGTGGAGGACCCGGACCTGGACCTGGTCCTGGAGGTGGACCAGGTCCG

GGTGGTGGTCCACCTGGAGGCGGACCGGGCTCACCGGGTGAGACTC-3’. 

The ~0.1 kb product was cloned into pCR4-TOPO (Invitrogen), resulting in vector 

pCR4-TOPO-S9. The S9 insert was then used for the construction of expression 
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vector pPIC9-S9P4S9, analogously to the construction of pPIC9-T9P4T9 described 

previously [6]. The same applies to the concatenation of S9 to S16 in pCR4-TOPO, 

and the subsequent generation of vector pPIC9-S16P4S16. 

Transformation of P. pastoris his4 strain GS115 (Invitrogen) and a derived 

his4 yps1 protease disruptant [8] was as described previously [9]. All plasmids 

were linearized with SalI to promote integration at the his4 locus rather than the 

AOX1 locus, thus enabling normal growth on methanol. Strains containing a single 

copy of the vector at the his4 locus were selected by Southern blotting. 

 
Fermentation of P. pastoris 

Fed-batch fermentations (initial volume ~1.4 L) were performed in Bioflo 3000 

fermenters (New Brunswick Scientific), as described previously [6]. The cultures 

were inoculated with precultures grown to OD600 ~2. The pH was maintained at 3.0 

throughout the fermentation. Temperature was kept constant at 30°C and methanol 

levels were kept at 0.2% (w/v) using a gas sensor-controller. 

 
Protein Purification 

Purification of all types of triblock copolymers was done by ammonium sulfate 

precipitation followed by extensive dialysis, which results in a purity of ~99% [6]. 

 
SDS-PAGE, Densitometry and N-Terminal Protein Sequencing 

The NuPAGE Novex system (Invitrogen) was used for SDS-PAGE, with 10% Bis-

Tris gels, MES SDS running buffer and SeeBlue Plus2 pre-stained molecular mass 

markers. Gels were stained with Coomassie SimplyBlue SafeStain (Invitrogen). 

To allow the quantification of the amount of recombinant protein in the 

cell-free broth, a calibration curve of 2, 5, 10 and 20 µg of freeze-dried pure 

protein was included on the same gel as the samples being quantified. A T9P4T9 

calibration curve was used to quantify the amount of secreted T9P4T9 or T16P4T16, 

and an S16P4S16 calibration curve was used for S16P4S16 and S9P4S9. This was done 
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because, possibly as a result of the formation of triple helices upon removal of SDS 

from the gels during the washing and staining procedure, T9P4T9 and T16P4T16 

stained relatively strongly compared to S9P4S9 and S16P4S16. Gel images were 

acquired using a GS-800 calibrated densitometer (Bio-Rad) and bands were 

quantified using Quantity One computer software. 

N-terminal protein sequencing of SDS-PAGE bands blotted onto PVDF 

membrane was performed by Midwest Analytical (St. Louis, MO). 

 
Mass Spectrometry 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) was performed as previously described [6] on an Ultraflex 

mass spectrometer (Bruker), using a 2,5-dihydroxyacetophenone matrix and a 600 

μm AnchorChip target (Bruker). Protein Calibration Standard II (Bruker) was used 

for external calibration. 

 
Differential Scanning Calorimetry 

Degassed 0.5 mL protein solutions (1.2 mM in 0.1 M sodium phosphate pH 7.0) 

were loaded into a MicroCal VP-DSC calorimeter at 20°C. Protein solutions were 

equilibrated for 15 h at 20°C to allow complete triple helix formation. Melting 

curves from 20 to 90°C were recorded at a scan rate of 15°C/h. 

 

Gel Formation and Inverted Tube Test 

Purified proteins were dissolved at 2.5% (w/v) in Milli-Q water at 85°C, and then 

allowed to form a gel overnight at room temperature. To test the thermostability, 

the microtube containing the gel was heated for 2 h at 60°C in a block heater 

equipped with a heated lid to prevent evaporation (Robbins TruTemp). The tube 

was then removed from the heater and immediately inverted. 
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2.3 Results 
 

Biosynthesis of Triblock Gelatins with Extended End Blocks 

To produce triblock copolymers with higher thermal stabilities than our previously 

reported T9P4T9 [6], the ‘T9’ DNA that codes for the triple helix-forming block 

(Pro-Gly-Pro)9 was extended to code for (Pro-Gly-Pro)16. The resulting ‘T16’ DNA 

was then used to build the T16P4T16 triblock DNA, which was inserted into vector 

pPIC9 for methanol-induced expression and secretion. The vector was transfected 

into the yeast P. pastoris for stable genomic integration, and verified single-copy 

strains were grown in a bioreactor as previously described for T9P4T9 [6]. SDS-

PAGE of cell-free samples of the broth taken ~48 h after methanol induction shows 

that the concentration of T16P4T16 in the fermentation broth (Fig. 2.1, lane 3) was 

considerably lower than that of T9P4T9 (Fig. 2.1, lane 2). To check the 

reproducibility of the production process and product levels, triplicate 

fermentations were performed under identical conditions with the T9P4T9 and 

T16P4T16 expression strains. Samples were taken at similar time points to determine 

the wet biomass and protein concentration in the extracellular medium. For both 

strains, all three fermentations appeared to be highly reproducible in terms of cell 

growth (Left Fig. 2.2A) and substrate consumption. After ~48 h of methanol 

induction, a cell density (wet mass) of approximately 600 ± 6 g/L was reached in 

all three T9P4T9 fermentations and an average of 0.9 ± 0.1 L of methanol was 

consumed, while the corresponding values for the T16P4T16 fermentations were 500 

± 40 g/L and 1 ± 0.1 L of methanol. The growth curves of the T9P4T9 and T16P4T16 

strains were very similar, although the strains secreting T16P4T16 seemed to reach 

the stationary phase somewhat earlier than those producing T9P4T9 (Left Fig. 

2.2A). 
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Figure 2.1. SDS-PAGE of extracellular medium after ~48 h of methanol induction. Lane 1, 
molecular weight marker; lane 2, T9P4T9; lane 3, T16P4T16, lane 4, S9P4S9; lane 5 S16P4S16. 
For clarity, a box was placed around the bands that correspond to the triblock copolymers. 
Owing to the highly hydrophilic nature of the P4 middle block, the polymers migrate at a 
very high apparent molecular weight [6, 10]. 10 μL of microfiltered cell-free broth was 
loaded for all samples. 
 

The high reproducibility of the fermentations, especially for each separate strain, 

enabled us to compare the production yield of T9P4T9 and T16P4T16. Densitometric 

analysis of the gelatin bands after separation of the cell-free broth by SDS-PAGE, 

showed that at any time after induction, the extracellular concentration of T16P4T16 

was three- to sixfold lower than that of T9P4T9 (Right Fig. 2.2 A). The final 

extracellular concentration of T9P4T9 and T16P4T16, after ~48 h of methanol 

induction, was 2.1 ± 0.2 g/L and 0.38 ± 0.02 g/L, respectively (Right Fig. 2.2A). In 

agreement, the weight of the final lyophilized products also suggested a more than 

threefold reduction in yield of T16P4T16, relative to T9P4T9, although the 

reproducibility of losses during purification was not strictly monitored. 
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Figure 2.2. (Left Image) Comparison of growth curves of P. pastoris strains expressing 
different triblock copolymers. (A) T9P4T9 ( ) and T16P4T16 ( ). (B) S9P4S9 (●) and 
S16P4S16 (○). The error bars indicate the sample standard deviation of three independent 
fermentations. (Right Image) Production of triblock copolymers as a function of time. The 
protein concentration in the extracellular medium was quantified by densitometric scanning 
of the polymer bands after SDS-PAGE. (A) Comparison between T9P4T9 ( ) and T16P4T16 
( ). (B) Comparison between S9P4S9 (●) and S16P4S16 (○). For convenient comparison, the 
trend lines of T9P4T9 and T16P4T16 are repeated in B as dashed and continuous lines, 
respectively. The error bars indicate the sample standard deviation of three independent 
fermentations.  
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To compare the integrity of T9P4T9 and T16P4T16, purified samples were 

analyzed by MALDI-TOF. The major mass peak observed for T9P4T9 at 41,739 Da 

(Fig. 2.3A) corresponds, within experimental error, to its expected molecular 

weight (41,741 Da), in accordance with our previous work [6]. In the mass 

spectrum of T16P4T16 (Fig. 2.3A), the peak at 45,277 Da also corresponds well to 

the expected molecular weight for the intact protein (45,259 Da). However, several 

additional peaks of lower molecular weight can be observed. These exact peaks 

were consistently present in samples taken at different time points throughout 

several fermentations. The finding of these multiple peaks also matches the fact 

that the T16P4T16 band on SDS-PAGE. (Fig. 2.1, lane 3) was rather diffuse, 

suggestive of a mixture of species. After extended separation of purified T16P4T16 

by SDS-PAGE, several bands could be distinguished (not shown), which were then 

subjected to N-terminal sequencing. In all cases, two major sequences were found 

in an approximate 3:2 molar ratio. The first sequence corresponded to the N-

terminus of T16P4T16 as expected after processing of the α-factor prepro sequence. 

A minor fraction of the molecules had N-terminal Glu-Ala and Glu-Ala-Glu-Ala 

extensions, which commonly occurs because of partial processing of the α-factor 

prepro secretory signal by the P. pastoris dipeptidylaminopeptidase [9]. The 

second sequence - GSPGNP - corresponded to a sequence that occurs once in each 

P unit of the middle block. The fact that one distinct internal sequence was found 

shows that the protein was cleaved by a site-specific endoprotease. The inferred 

scissile bond is preceded in the protein sequence by a Lys residue. Because the P4 

middle block is a tetramer of four identical P units, the obtained internal sequence, 

and thus also the potential cleavage site, occurs four times in T16P4T16. The above-

mentioned additional peaks can now be explained as follows. Assuming each 

individual molecule is cut only once, at either the second, third or fourth site, then 

the expected N- and C-terminal halves would have masses of 15,272 / 30,005 Da, 

24,381 / 20,896 Da, and 33,490 / 11,787 Da, respectively. Indeed, these masses 
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match very well with the actually observed secondary peaks in the MALDI-TOF 

spectrum of T16P4T16: 15,249 / 29,984 Da, 24,362 / 20,877 Da, and 33,482 / 11,866 

Da. Cleavage at the first site would theoretically result in an N-terminal fragment 

of 6,164 Da and a C-terminal fragment of 39,113 Da, but the former is below the 

10 kDa cut-off of the MALDI-TOF analysis shown (although it was observed in 

measurements tailored towards a low mass range; not shown), and the latter is 

likely not detectable because the signal intensity of the various fragments was 

strongly decreasing with molecular mass (Fig. 2.3A). 

 

Possible Causes for the Compromised Production of T16P4T16 

It has been reported that triple-helical hydroxylated collagen is not secreted by 

yeasts, but rather accumulates intracellularly [14, 15]. Although our molecules are 

not hydroxylated and only the smallproline-rich end blocks can form triple helices, 

it is conceivable that the secretion of T16P4T16 may be similarly impaired because 

the longer T16 blocks form more thermostable triple helices in vivo than the T9 

block. To measure the melting temperature (Tm) of T16P4T16 in comparison to that 

of T9P4T9, differential scanning calorimetry (DSC) was performed. At a protein 

concentration of 1.1 mM, T9P4T9 was previously shown to have a trimer Tm of 

~41°C [6].  
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Figure 2.3. MALDI-TOF mass spectra of purified secreted triblock gelatins. (A) T9P4T9 
and T16P4T16 and (B) S9P4S9 and S16P4S16. Multiply charged charged molecular ions are 
indicated.  
 

 

 

 

 

 

 

 

Figure 2.4. Thermal denaturation of T16P4T16 and S16P4S16 (1.2 mM), as reflected by DSC. 
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As expected, T16P4T16 was found to have a much higher Tm, namely ~74°C 

(Fig. 2.4). Because the Tm of (Pro-Gly-Pro)n depends strongly on the peptide 

concentration [20, 21], and yet the local concentration of the triblock copolymers 

during transit through the secretory pathway is unknown, it is not possible to 

directly correlate the in vitro Tm values with the growth temperature of the yeast 

(30°C). Nonetheless, these data do confirm that the T16 end blocks will have a 

stronger tendency to associate and to give rise to a higher proportion of stable triple 

helices intracellularly. 

Apart from triple helix formation, also e.g. translational problems or 

increased end block hydrophobicity could be underlying the lower yield of 

T16P4T16 as compared to that of T9P4T9. To discriminate between triple helix 

formation and other mechanisms as the causative factor, modified versions of the 

trimerizing T16 and T9 blocks were designed. By randomizing the position of the 

glycine residues in the end blocks, thus avoiding collagen-like (Gly-Xaa-Yaa)n 

triplet repeats, triple helix- and gel formation was made impossible. The end blocks 

with scrambled amino acid sequence are denoted as ‘S16’ (scrambled version of 

T16) and ‘S9’ (scrambled version of T9). Because S16 and T16 have the same length 

and amino acid composition (33% glycine and 67% proline), their overall (average) 

hydrophobicity and/or tendency to deplete the local tRNA pool in the vicinity of 

the ribosomes during translation, will be equal. For the same purpose of 

minimizing the differences between the randomized and collagen-like end blocks, 

except for helix-forming capacity, identical codons were used for the S16 and T16 

genes, and for the S9 and T9 genes. 

 
Biosynthesis of Nontrimerizing Triblock Copolymers 

DNA fragments encoding the S9 and S16 scrambled end blocks were placed on both 

sides of the P4 gene, so as to build the S9P4S9 and S16P4S16 genes, respectively. 

These genes were then inserted into vector pPIC9. The resulting vector was 
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transfected into P. pastoris and single-copy integrants were selected. Triplicate 

fermentations for the production of S9P4S9 and S16P4S16 were performed in exactly 

the same way as for T9P4T9 and T16P4T16. The fermentations were again highly 

reproducible in terms of cell growth (Left Fig. 2.2B) and substrate consumption. 

After ~48 h of methanol induction, a cell density (wet mass) of approximately 542 

± 23 g/L was reached in all S9P4S9 fermentations and approximately 1 ± 0.1 L of 

methanol was consumed, while the corresponding values for the S16P4S16 

fermentations were 565 ± 19 g/L and 0.9 ± 0.1 L of methanol. The growth curves 

of the S9P4S9 and S16P4S16 strains were comparable (Left Fig. 2.2B), and in turn 

very similar to those obtained with the T9P4T9 and T16P4T16 strains (Left Fig. 

2.2A). This enabled us to directly compare the production of S16P4S16 to that of 

T16P4T16 (and to that of S9P4S9 and T9P4T9). Densitometric analysis of the S9P4S9 

and S16P4S16 bands after separation of the cell-free broth by SDS-PAGE (Fig. 2.1, 

lanes 4 and 5), showed that at any time after induction, the yield of secreted 

S16P4S16 was similar to that of T9P4T9 and S9P4S9, and three- to sevenfold higher 

than that of T16P4T16 ( Right Fig. 2.2B). The final extracellular concentration of 

S9P4S9 and S16P4S16, after ~48 h of methanol induction, was 2.1 ± 0.6 g/L and 2.6 ± 

0.2 g/L, respectively. 

MALDI-TOF mass spectrometry of purified S9P4S9 and S16P4S16 showed 

that the proteins were intact. Their mass (41,741 and 45,289 Da, respectively, Fig. 

2.3B) corresponds, within experimental error, to the expected molecular mass 

(41,739 Da and 45,259, respectively). N-terminal sequencing of purified S9P4S9 

and S16P4S16 separated by SDS-PAGE revealed only the expected N-terminus (as 

before, with some traces of N-terminal Glu-Ala and Glu-Ala-Glu-Ala extensions). 

Consistent with the scrambled sequence of the end blocks, S16P4S16 was 

unable to form triple helices, as evidenced by DSC (Fig. 2.4). Accordingly, and in 

contrast to T9P4T9 [6], 10% (w/v) solutions of S9P4S9 and S16P4S16 did not form 

gels at temperatures varying from 20 down to 4°C. 
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Biosynthesis of T16P4T16 in a Yapsin 1 Protease Disruptant 

Because the nontrimerizing S9P4S9 and S16P4S16 were produced intact and at high 

yield, it can be concluded that the degradation and low yield of T16P4T16 are 

triggered by the in vivo formation of stable triple helices. If the responsible 

protease is known, it may be possible to tackle the observed proteolytic 

degradation. As mentioned above, the endoproteolytic cleavage site in each P 

monomer in T16P4T16 was preceded by a Lys residue. The yapsin family of aspartic 

proteases is characterized by the ability to cleave C-terminal of monobasic (and 

dibasic) residues [22]. Although not all Lys residues in T16P4T16 were cleaved, it 

may well be that the specific sites cleaved meet the substrate requirements of any 

or all of the yapsin proteases of P. pastoris. We previously reported the isolation of 

the P. pastoris yapsin 1 (YPS1) gene and its disruption [8]. Total yapsin activity in 

the disruptant was reduced by ~95% relative to the wild type, showing that yapsin 

1 was the principal representative of this family of proteases in P. pastoris [8]. To 

determine whether yapsin 1 is involved in the degradation of T16P4T16, we 

transformed our P. pastoris GS115 yps1 strain with vector pPIC9- T16P4T16, and 

the resulting strain was grown in a bioreactor. SDS-PAGE of the extracellular 

medium revealed the successful production of T16P4T16 (Fig. 2.5A, lane 2). 

According to densitometry, the product yield was similar to that of T16P4T16 in the 

wild type, and, thus, still ~five times lower than that of T9P4T9. Just as the triblock 

copolymers above, the product could be efficiently purified by ammonium sulfate 

precipitation (Fig. 2.5A, lane 3). The weight of the final lyophilized product was 

similar to that obtained with the wild type. 

MALDI-TOF analysis (Fig. 2.5B) showed that the protein was fully intact, 

in contrast to T16P4T16 produced in the wild type (Fig. 2.3A, lower panel). This 

conclusion was further supported by N-terminal sequencing, which showed 

exclusively the expected N-terminus. As with the other triblocks, this included a 

minor fraction of Glu-Ala- and Glu-Ala-Glu-Ala-extended species. This is 
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consistent with the slight heterogeneity seen in the main peak of the MALDI-TOF 

spectrum, as the observed masses near-perfectly match the 200 Da mass difference 

expected for each Glu-Ala pair. These peaks were discernible only in the spectrum 

of Fig. 2.5B, merely because of the improved resolution achieved in that particular 

analysis as compared to those of Fig. 2.4. 

In contrast to nontrimerizing S16P4S16, a 2.5% (w/v) solution of intact 

T16P4T16 formed a self-supporting gel at room temperature. Repeated melting at 

85°C and cooling showed that the gel formation process was thermoreversible. 

After incubation at 60°C for 2 h it was still possible to invert the microtube without 

causing flow, demonstrating the high thermostability of the gel (Fig. 2.6). For 

comparison, gels of T9P4T9 at 10% (w/v) had a rheologically determined Tm of 

~37°C and were completely gone at ~40°C  [6]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Characterization of T16P4T16 produced in yps1 strain. (A) SDS-PAGE of 10 µl 
of microfiltered cell-free broth. Lane 1, molecular weight marker; lane 2, extracellular 
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shows that indeed the Tm can be controlled via the length of the (Pro-Gly-Pro)n end 

blocks. However, while the T9P4T9 triblock copolymer was completely 

monodisperse and produced at a yield comparable to that of the nontrimerizing 

middle block alone [6], the T16P4T16 polymer was not fully intact and was secreted 

at an appreciably lower yield. 

Why would elongation of the T9 block to T16 have these effects? The 

observed protein fragments could be thought to represent C-terminally truncated 

molecules resulting from premature termination of transcription and/or translation. 

Hypothetically, premature termination of transcription could have been caused by 

an unfavorable structure specifically of the T16 DNA sequence. Premature 

termination of translation could have occured in response to the larger number of 

prolines and glycines in the longer T16 end blocks, as this may have resulted in 

depletion of the local pool of required tRNAs near the ribosome during translation 

and subsequent dissociation of the ribosome. However, MALDI-TOF and protein 

sequencing revealed that the observed protein fragments instead actually represent 

a mixture of N- and C-terminally truncated species generated by endoproteolytic 

cleavage at specific sites in the middle block. What remains is the issue of the low 

yield of T16P4T16 as compared to T9P4T9. Possibly, the above-suggested depletion 

of tRNAs merely causes some ribosome stalling and consequently a lower 

production rate. Alternatively, the larger number of prolines in the elongated end 

blocks implies a larger number of prolyl (CH2)3 side groups and, thus, an increase 

in hydrophobicity. This may in turn cause protein aggregation intracellularly and 

arrested secretion, or possibly the relatively hydrophobic T16 end blocks could act 

as lipophilic segments that perturb cellular membranes. Finally, the higher Tm of 

the T16 end blocks relative to that of the T9 blocks could give rise to more stable 

triple helices at the growth temperature of the yeast. Possibly, the yeast cells are 

not able to properly secrete the resulting trimeric molecules. Note that it cannot be 

predicted whether the triblock copolymers will actually form triple-helices in vivo, 
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as the Tm of (Pro-Gly-Pro)n peptides depends strongly on their concentration [20, 

21], while their local concentration during secretion is unknown. Moreover, other 

intracellular compounds could possibly promote or hinder triple helix formation. 

The relative importance of increased triple helix formation as a cause of the 

impaired production of T16P4T16, as compared to hydrophobicity or tRNA 

depletion, was investigated by creating S9P4S9 and S16P4S16. The amino acid 

sequences of the S9 and S16 end blocks are randomized versions of T9 and T16, so as 

to avoid any (Gly-Xaa-Yaa)n structure. In this manner the amino acid composition 

and hydrophobicity of T9 and T16 are maintained, while rendering trimer formation 

impossible. At the DNA level, these modified end blocks have exactly the same 

codon composition as the trimer-forming end blocks, so that also tRNA 

requirements will remain the same. Since the nontrimerizing S16P4S16 and S9P4S9 

were produced intact and at essentially the same yield as T9P4T9, increased triple 

helix formation by the T16 end blocks relative to T9 must be regarded as the 

primary cause for both the lower yield and the partial degradation of T16P4T16. 

While the triple helix- and gel-forming capacity of T9P4T9, which has only short 

helix-forming domains, is by itself not deleterious to efficient secretion of the 

intact polymer [6], the length and thermostability of the helix-forming domains 

apparently cannot be increased without limit. In addition to triple helix formation 

itself, it may be that possibly resulting supramolecular structures actually cause the 

impaired secretion. These structures could be gelatin networks [6, 16], and/or 

aggregates of triple-helical T16 blocks. Such aggregation could occur because 

triple-helical end blocks are expected to have a more hydrophobic surface than 

their unfolded single-chain counterparts. 

It has been reported that full-length triple-helical collagen is not secreted 

by yeast and instead accumulates in the endoplasmic reticulum [11, 12, 14, 24, 25]. 

Also shorter hydroxylated 45 and 9 kDa human 1(I) collagen fragments, fused to 

a trimer-forming ‘foldon’ domain derived from bacteriophage T4 fibritin, were 
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only partially secreted by P. pastoris [15]. The secreted fragments appeared to be 

monomeric, while intracellularly retained molecules were entirely triple-helical. 

Possibly, the lower yield of the potentially trimer-forming T16P4T16, as compared 

to the other triblock configurations, is likewise caused by partial retention in the 

endoplasmic reticulum or at least retarded secretion. Although we did not observe 

appreciable amounts of intracellularly accumulated T16P4T16 in SDS-PAGE of 

whole cell extracts (not shown), expression of the gene could be subject to negative 

feedback regulation, or any retained trimeric protein may be proteolytically 

degraded. The latter likely does not occur with natural hydroxylated collagen 

sequences as they can become entirely triple-helical and protease-resistant [26], in 

contrast to our triblock copolymers with large mandatory random coil middle 

blocks. 

Although the random coil P4 middle block is inherently highly accessible 

to proteases, it was secreted fully intact when produced on its own [10], or as part 

of T9P4T9, S9P4S9, and S16P4S16. In contrast, the P4 middle block as part of secreted 

T16P4T16 was found to be degraded. Thus, proteolysis of the middle block is 

apparently triggered by the occurrence in vivo of triple-helical end blocks. The 

cleavage in the middle blocks of T16P4T16 took place C-terminal of specific single 

Lys residues, the smallest uniquely identifying sequence motif being either Asn-

Lys▼ or Lys▼Gly (where the down-pointing triangle indicates the scissile bond). 

This is not to suggest that the protease involved actually recognizes these particular 

dipeptide motifs, as its substrate specificity is likely complex. Nonetheless, given 

the presence of a Lys residue immediately N-terminal of the scissile bond, it seems 

plausible that a basic residue-specific protease is involved, such as a member of the 

yapsin family of aspartic proteases [22]. Indeed, when we produced T16P4T16 in our 

previously reported yapsin 1 protease disruptant [8], it was fully intact and able to 

form gels. The total product level had not improved, showing that the lower yield 

of T16P4T16 as compared to T9P4T9 is not somehow a consequence of yapsin-
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mediated proteolysis, but rather a separate issue such as discussed in the previous 

paragraph. Although, for T16P4T16, we thus did not obtain the same exceptional g/L 

yields as before for T9P4T9 [6], a (nonoptimized) secreted yield in the range of 

several hundreds mg/L of cell-free broth is still reasonably high and offers 

prospects towards future production of biomedical materials. 

Yapsin 1 is a periplasmic protease attached to the plasma membrane via a 

glycosylphosphatidylinositol (GPI) anchor [22]. Although it has been suggested 

that, in S. cerevisiae, Yapsin 1 may be transiently active already in the late 

secretory pathway [27, 28], recent data suggest that activation of the zymogen 

takes place at the cell surface in the periplasmic space [29]. Why does Yapsin 1 

exclusively cleave T16P4T16? We believe this is most likely a matter of kinetics. If 

trimeric T16P4T16 is secreted at a relatively low rate (in terms of traveling the 

secretory pathway and/or crossing the cell wall), it would be more exposed to 

Yapsin 1 activity (be it in the late secretory pathway, or in the periplasmic space). 

Another explanation may be found in the fact that Yapsin 1 is involved in the 

activation and/or shedding of periplasmic enzymes and proteins during cell wall 

stress and remodeling [29, 30]. Possibly, any arduous traversal of the cell wall by 

trimeric T16P4T16 triggers the cell wall integrity response, which may in turn, as has 

been found for various forms of cell wall stress [30], lead to vastly induced YPS1 

expression. 

Given that only T16P4T16 was proteolytically degraded, and in view of the 

periplasmic localization of the protease responsible, it is tempting to speculate 

whether the secreted triblock molecules, contrary to natural hydroxylated 

collagens, traveled the secretory pathway in trimeric form. However, it cannot be 

ruled out that T16P4T16 only formed trimers upon reaching the periplasmic space, or 

that the presence of any triple-helical molecules possibly retained in the 

endoplasmic reticulum indirectly triggered yapsin-mediated degradation of 

secreted monomeric molecules. 
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In practical terms, clearly our collagen-inspired triblock design and the use of the 

yps1 disruptant allow the secreted production of intact polymers capable of 

forming triple-helices and gels of high thermal stability. Thus, insights gained in 

the present study will further the development of tailor-made biomedical gels with 

an expanded range of functional properties. 
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Abstract 

Helix stability in collagen-inspired proteins (CIP), with small triple helix-forming 

domains, defines the intactness and yield of CIPs secreted by the yeast Pichia 

pastoris. Yapsin 1, a periplasmic protein, seems to selectively degrade CIPs 

capable of establishing triple helices with high thermal stability. The aim of this 

study was to determine the difference in subcellular distribution of CIPs capable of 

establish highly stable triple helices and virtually identical molecules in which, 

helix formation was suppressed by scrambling part of the amino acid sequence. 

Electron microscopy was used to study the intracellular distribution of the 

recombinant molecules with and without helix-forming capacity. The presence of 

expanded endoplasmic reticulum (ER) and specific membranous vesicular 

compartments was found exclusively in cells secreting CIPs with the ability to 

form triple helices and gels. This shows that formation of highly stable triple 

helices occurs already in the ER and possibly blocks or retards protein secretion. In 

order to optimize the yield of proteins capable of forming intermolecular 

complexes and/or supramolecular assemblies, the formation of the intermolecular 

triple helices in the ER must be avoided.  
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3.1 Introduction 
 

Mammalian collagen triple helix prodution and assembling, requires special 

cellular machinery and a transportation system that only seems to exist in highly 

specialized cells, such as the fibroblats. The collagen molecule consists of three 

polypeptide chains in extended helical conformation (31) coiled around each other. 

Each chain of the triple helix is made of repeating Gly-Xaa-Yaa triplets, where the 

presence of glycine every third amino acid is essential, as only side chains the size 

of a hydrogen atom can be accommodated in the triple helix interior [1-3]. 

Formation of triple helix is favored by the presence of proline in either position and 

by hydroxyproline in the Yaa position. Triple helix formation takes place already in 

the lumen of the fibroblats’ endoplasmic reticulum (ER) and the collagen molecule 

is transported along the secretory pathway as a triple helix [4]. Due to the size of 

this supramolecular structure (collagen type I is ~ 1,5x300nm) the transport from 

the ER to the Golgi does not involve the conventional vesicle-mediated (60-80 nm) 

transport, normally found in yeasts, but tubular-saccular structures of greater length 

(>300 nm in length). According to Bonfanti et al. triple helical collagen molecules 

move therafter across the Golgi complex of the secretory pathway by cisternal 

maturation. 

Collagen and its denatured counterpart gelatine, are highly desirable 

biomaterials for biomedical applications such as drug delivery or tissue 

engineering. However, the only way to obtain such materials in a commercial 

effective way is by extracting them from animal tissues. Animal origin materials 

pose the risk of immune reactions and transmission of pathogens. Therefore, there 

is a need for the development of reliable sources of collagen and gelatine proteins. 

The recent advances in gene and protein engineering, have allowed the use of 

recombinant systems as cell factories for the production of natural and custom-

made proteins.  
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The yeast Pichia pastoris has been widely used as a recombinant system 

for the production of secreted mammalian heterologous proteins since its secretory 

pathway exhibits much of the structure and function of the mammalian secretory 

system [5-10]. Secreted production is preferred, as proteins produced by P. pastoris 

are usually folded correctly and constitute the majority of total protein in the 

extracellular medium, facilitating downstream processing and significantly 

reducing the production costs [11, 12]. However, the use of this system for the 

secretion of the collagen triple helix has proven to be a challenge. The presence of 

fully triple-helical collagen molecules completely inhibited secretion, leading to 

intracellular protein accumulation and ER stress [13, 14]. Pakkanen et al. observed 

that the conformation of collagen polypeptides had a marked effect on secretion, as 

induction of triple helix formation led to an accumulation of triple-helical 

molecules inside the cells, despite the presence of the α-mating factor secretory 

signal. Only single-chain (i.e unfolded) collagen-like proteins were found 

extracelullarly [5, 15-17]. 

In Chapter 2, it was shown that the secretion of collagen-inspired proteins 

capable of forming triple helices with a ~74ºC melting temperature (Tm), 44ºC 

above the growth temperature of P. pastoris (30ºC), is inefficient. These polymers, 

consist of a long ~37 kDa random coil block spacer (P4) and two, considerably 

smaller ~ 4 kDa collagen-inspired (Pro-Gly-Pro)16 end-blocks (referred as T16), 

capable of forming highly stable triple helices. T16P4T16 was found to be secreted 

at a low yield (~ 0,3 mg/L) and partially degraded by the periplasmic protease, 

Yapsin 1. Contrary to the collagen proteins mentioned above, T16P4T16 cannot form 

full lenght triple helices and therefore P4 can be easily accessible by proteases (Fig. 

3.1). 
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Figure 3.1. (A) Schematic representation of T16P4T16 and S16P4S16 triblock copolymer 
structure. Yapsin 1 cleaves C-terminally to monobasic sites containing either Lys or Arg. 
Despite the presence of three lysines (K) in each P block sequence (underlined), Yapsin 1 
only cleaves once after the NK aminoacid sequence and in only one concameter. (B) 
Schematic representation of supramolecular structures that can be formed by T16P4T16 and 
S16P4S16. Full lines (    ) are intended to represent end-blocks and dashed lines (- - -) the P4 
middle block. Only T16P4T16 has (Pro-Gly-Pro)n triple helix-forming end-blocks that can 
self-assemble and give rise to gels. The scrambled sequence in S16 precludes the formation 
of triple helices. Protein degradation by Yapsin 1 was only observed in T16P4T16 proteins 
(see Chapter 2). Thus, proteolysis of the middle block is either triggered by the in vivo 
occurrence of triple-helical end-blocks or by longer residence times of T16P4T16 as 
compared to S16P4S16.   
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The low secretion yield and partial degradation of T16P4T16 by Yapsin 1 

was totally abolished by replacing T16 with a variant of T16, the S16 block, in which 

trimer formation was prevented by scrambling the amino acid sequence and 

avoiding the presence of glycine every third position (see Chapter 2). Degradation 

by Yapsin 1 and lower secretion yields seemed therefore to be exclusively related 

to the production of proteins with end-blocks capable of forming stable triple 

helices. Intracellular formation of triple helices could either trigger yapsin-

mediated degradation and/or simply retard the secretion rate increasing the 

exposing time of T16P4T16 to Yapsin 1.  

In order to locate where triple helix formation is occurring, the cellular 

morphology of P. pastoris cells producing triple helix and non-triple helix proteins 

was compared by electron microscopy. Our findings suggest triple helix formation 

occurs already within the ER and gives rise to expanded ER and extra-cytoplasmic 

vesicular compartments.  

 
 
3.2 Material and Methods 
 

Strains and Growth Conditions 

Generation of P. pastoris strains expressing the triple helix-forming T16P4T16 and 

the non-triple helix forming S16P4S16, have already been described in Chapter 2.  

Batch growth was performed in 20 mL shake flasks. The strains were first 

grown over night at 30°C and 300 rpm in Buffered Minimal Glycerol medium 

(BMG) at pH6 (Invitrogen) until a OD600 of about 4. Expression of heterologous 

genes was induced in a Buffered Minimal Methanol medium (BMM) at pH6.  

 
Electron Microscopy  

Sample preparation, ultramicrotomy and transmission electron microscopy (TEM) 

were performed as previously described [18].  
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3.3 Results 
 
Analysis of the Cellular Morphology of the Different Recombinant P. pastoris 

Strains 

The cellular morphology of the methanol-induced recombinant strains expressing 

triple helix forming T16P4T16 and non-triple helix forming S16P4S16 was studied by 

transmission electron microscopy (TEM). The methanol-induced wild-type strain 

was used as a control. Analysis of the two recombinant strains revealed the usual 

subcellular organelles such as nuclei, mitochondria, vacuoles and peroxisomes. 

Additional membranous vesicular structures (Fig. 3.2A and B) and ER expansion 

(Fig. 3.3B) were observed solely in cells expressing the T16P4T16 triple helix 

forming protein. Some of the membranes of this cytoplasmic tubular network were 

closely associated with the nuclear membrane (Fig. 3.2B, dash arrow). These 

vesicular structures and expanded ER were invariably absent, both in wild-type 

cells and in cells expressing the non-triple helix forming S16P4S16 (Fig.3.2C and 

3.2D). This indicates that these structures had developed specifically in response to 

triple helix formation which correlates with the reported five-fold lower yield and 

partial degradation of T16P4T16 described in Chapter 2. 
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Figure 3.2. Analysis of the morphology of recombinant cells producing triple helix-
forming T16P4T16 (A and B), or the non-triple helix forming S16P4S16 (C), and morphology 
of wild-type cells (D). The bar in Figure A, C and D represent 500 nm. The bar in Figure B 
represents 200 nm. The black arrows in (B) indicate the vesicular membranes. The dash 
arrow in (B) indicates the membranes of swollen ER. N, nucleus: P, peroxisome; M, 
mitochondrion; V, vacuole.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Analysis of the cellular morphology of recombinant T16P4T16. Image (B) 
corresponds to the 2 times magnification of image (A). The bar represents 500 nm. The 
black arrows in (A) and (B) indicate ER expansion. N, nucleus: P, peroxisome; V, vacuole.  
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3.4 Discussion 
 

In eukaryotic cells, all proteins that need to be secreted must pass through 

the ER to be properly folded and modified. The transitional ER (tER) is a 

specialized ER subdomain in which proteins destined for the Golgi apparatus are 

packaged into transport vesicles [19]. In P. pastoris such tER sites can only emerge 

at specific places (Fig. 3.4A) and not along the entire ER membrane like in 

Saccharomyces cerevisae [20]. Thus, at each exit point, a local accumulation of 

heterologous proteins can occur (Fig. 3.4A). In the particular case of our collagen-

inspired proteins, if the concentration needed to form triple helices and gels is 

reached, such accumulation could lead to local protein aggregation and gel 

formation (Fig. 3.4B).  

In the present study, we observed ER expansion, formation of vesicles and 

partial protein degradation only when gel-/triple helix forming proteins with a high 

Tm were being secreted. Since P. pastoris does not express autologous collagen-like 

molecules, it is possible that this yeast lacks the proper transportation system for 

the adequate secretion of proteins with a triple helical conformation. It is known 

that the accumulation of misfolded proteins leads to ER stress and activates the 

unfolded protein response (UPR). The UPR maintains ER homeostasis by two 

intimately connected but distinct mechanisms: (1) by providing new ER-folding 

machinery and (2) by providing more ER surface area and lumenal space [21]. ER 

expansion could be the direct result of protein aggregation caused by triple helix 

formation or, could be a way to decrease the concentration of accumulated 

T16P4T16 and avoid protein aggregation by increasing the ER volume. Dilution 

caused by an increase of membrane area could help avoid detrimental interactions. 

This effect is also observed during normal folding of native proteins [21]. During 

folding, the hydrophobic residues that are normally buried inside the protein, in 

their final conformations, are exposed. The ER volume is therefore increased to 

lower the concentration of folding intermediates and avoid aggregate formation. 
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As it was shown, in Chapter 2, there is no significant increase of triple 

helix-forming proteins in the fermentation broth throughout the fermentation. The 

formation of triple helices, already within the ER, could result in aggregation of the 

relatively hydrophobic triple helices and network (gel) formation. In turn, this 

could result in different possible effects. For example, a total secretion arrest of 

triple helical proteins in the ER would allow only monomeric (non-crosslinked, 

non-network) molecules to leave the compartment and be secreted. The monomeric 

molecules could represent a minority of the total number of T16P4T16 molecules in 

the ER explaining the low secretion yield. Alternatively, a general retardation of 

the secretion process of T16P4T16, possibly accompanied by a decreased 

transcription and/or translation, could be triggered by the intracellular occurrence 

of triple helices or networks (gels), decreasing the production rate and yield of the 

heterologous product. Regardless of the mechanism involved, the results obtained 

in this study imply that the problems associated with the production of high-Tm 

gelatins may be solved by temporarily suppress triple helix formation already 

within the ER. HSP47 is a human collagen chaperone thought to bind to non-

hydroxylated (Pro-Gly-Pro)n and prevent aggregation of triple helices. However, 

co-expression of HSP47 and T16P4T16 was shown to be ineffective in our hands 

(data not shown). Due to the artificial nature of our proteins it is probable that the 

use of chaperones might be unsuccessful since there are no natural recognition 

sites. It is therefore a better option to construct the protein in such a way that triple 

helix formation would not take place. The attachment of mutually repulsive, highly 

soluble and / or charged fusion proteins to the (Pro-Gly-Pro)n end blocks (i.e. to the 

N- and C-terminus of the triblock gelatin) could possibly avoid triple helix 

formation during transit from the ER to the extracellular space (Fig. 3.5). The 

extensions that are to be temporarily fused to the end blocks should of course be 

chosen among proteins that are known to be efficiently secreted by yeast and 

should be cleaved off after secretion so as to generate gel-forming materials.  
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Abstract 

 

The melting properties of various triblock copolymers with random coil middle 

blocks (100-800 amino acids) and triple helix-forming (Pro-Gly-Pro)n end blocks 

(n=6-16) were compared. These gelatin-like molecules were produced as secreted 

proteins by recombinant yeast. The investigated series shows that the melting 

temperature (Tm) can be genetically engineered to specific values within a very 

wide range by varying the length of the end block. Elongation of the end blocks 

also increased the stability of the helices under mechanical stress. The length-

dependent melting free energy and Tm of the (Pro-Gly-Pro)n helix appear to be 

comparable for these telechelic polymers and for free (Pro-Gly-Pro)n peptides. 

Accordingly, the Tm of the polymers appeared to be tunable independently of the 

nature of the investigated non-crosslinking middle blocks. The flexibility of design 

and the amounts in which these non-animal biopolymers can be produced (g/L 

range) create many possibilities for eventual medical application. 

	

	

	

	

	

	

	

	

	

	

	



Tuning	of	collagen	triple‐helix	stability	in	recombinant	telechelic	polymers	

Chapter	4	
 

75 
	

	
4.1 Introduction 
	

Designer block copolymers built from various functional protein modules (blocks) 

are potentially valuable biomaterials with a wide variety of biofunctional and 

mechanical properties. Tailor-made functional properties can be created through 

the appropriate design of the amino acid sequence of each block and of the order of 

the blocks. Thus, the local distribution of hydrophobic and charged groups, the 

patterns of folding, and the occurrence of supramolecular interactions can in 

principle be defined [1-7]. 

One particularly interesting module for such polymers is a collagen-like 

block with a built-in tendency to form triple helices (trimers) with neighboring 

molecules [8-11]. Natural collagen consists of three peptide chains folded into an 

‘extended’ (polyproline-II-type) triple helix with three amino acid residues per 

turn. Glycine, the smallest amino acid, occurs as every third residue, in agreement 

with the limited space available in the interior of the triple helix. The three chains 

are staggered by one amino acid along the helix axis, such that the peptide-NH of 

the glycines can form hydrogen bonds with the peptide-CO of the residues C-

terminal to glycine in an adjacent chain. The side chains of the non-glycine 

residues point away from the central axis of the triple helix and as a result, most 

amino acids can be readily accomodated in these positions. Formation of the triple 

helix is favored by the presence of proline in either position, and by hydroxyproline 

or arginine in the position N-terminal to glycine [12-16]. The φ-angle, which is 

fixed by the proline side ring, is compatible with the extended helix and cannot 

contribute much to a gain of entropy when the helix is unfolded. Accordingly, 

(Pro-Gly-Pro)n-based collagen-like peptides of sufficient length readily form triple 

helices and have been used as model collagen-triple helices [12, 17-19].  

Block copolymers with designed amino acid sequence and structure can be 

produced by recombinant DNA technology. The possibilities provided by materials 
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produced in this manner contrast with those offered by chemically synthesized 

polymers or by traditional (natural) protein materials such as gelatine. Chemical 

synthesis normally yields polydisperse material without a defined monomer 

sequence, and sequential polypeptides prepared by solid state synthesis cannot be 

produced in large quantities at reasonable cost. Traditional gelatins are isolated 

from animal tissues as denatured, partially degraded and modified natural collagen. 

Since the natural folding pattern of collagen cannot be reconstituted in such 

gelatins, they follow a frustrated triple helix folding characterized by random intra- 

and intermolecular interactions and subsequent formation of a random polymer 

network (gel) [20, 21]. A molecular understanding of the behavior of such gels is 

hard to achieve, because the properties vary with the composition of the gelatin 

batch (which essentially consists of a multitude of different molecules) and with 

the thermal history of the sample (which essentially leads to a multitude of intra- 

and supramolecular arrangements [22, 23]). Furthermore, concerns regarding 

products of animal origin make these materials less suitable for medical 

applications. 

Recently, a yeast-based recombinant production system for monodisperse 

gelatin-like polymers with tailor-made properties was developed by our group [8]. 

These polymers consist of terminal (Pro-Gly-Pro)9 end blocks capable of forming 

triple helices with a melting temperature (Tm) of ~41°C (at 1.1 mM), and middle 

blocks of defined sequence and length (400-800 amino acids) that assume random 

coil conformation at any temperature [8, 24]. Because only the short end blocks 

interact with neighboring molecules to form triple helices and gels, the molecules 

are telechelic. The rheological and slow-release properties of gels formed by such 

triblock polymers with different types and sizes of randomly coiled middle blocks 

have been characterised by us in detail [5, 9, 10, 24, 25]. It was found that, as a 

result of decreased formation of intramolecular loops, an increased size of the 

middle block markedly increases the gel stiffness and decreases the rate of erosion.  
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While several functional properties are determined by the middle block, the 

Tm of these telechelic polymers is expected to be dependent on the length [12] and 

amino acid sequence [16] of the helix-forming end blocks. This would allow to 

tune the Tm through the design of the end blocks. Building on Chapter 2 and 

previous work [8, 24], we presently compare the triple helix stability under thermal 

and mechanical stress of polymers having (Pro-Gly-Pro)n end blocks with n-values 

ranging from 6 to 16, and with Tm values differing by as much as 70°C, at polymer 

concentrations around 1 mM. Even the highest Tm values were reached without 

having to insert chemical (covalent) crosslinks that could confer toxicity or 

compromize biodegradablity. To investigate whether Tm and middle block function 

can be designed independently, a series of molecules with different middle blocks 

is included in the analysis, and the Tm of the telechelic molecules is compared to 

that of free (Pro-Gly-Pro)n peptides.  

 
 
4.2 Material and Methods 

 
Construction of Expression Vectors  

The abbreviated designations Tn, Pn, Rn and En of the protein polymer blocks used 

in this work are defined in Figure 4.1. Vectors that contain DNA coding for these 

blocks are denoted accordingly.   

A DNA fragment encoding T6 (Supporting Information, Table S4.1) was 

synthesized by GenScript (Piscataway, NJ) and supplied in cloning vector pUC57. 

The gene was released by digesting the vector with DraIII/Van91I. The previously-

described vector pMTL23-R4 [8] was linearized with DraIII and dephosphorylated. 

The released T6 block was ligated into the digested pMTL23-R4 to yield pMTL23-

T6R4. This plasmid was then linearized with Van91I and dephosphorylated, after 

which the previously released T6 block was inserted to yield pMTL23-T6R4T6. The 

synthetic DNA fragment encoding T12 (Supporting Information, Table S4.1) was 
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likewise obtained from GenScript and the subsequent construction of pMTL23-

T12R4T12 was analogous to the above. Construction of pMTL23-T16R4T16 involved 

the same cloning steps using the T16 block previously described in Chapter 2). For 

the construction of triblock copolymer genes containing the E20 middle block, an 

alternative T6 end block (Supporting Information, Table S4.1) with different 

restriction sites was synthesized by DNA 2.0 (Menlo Park, CA) and supplied in 

cloning vector pJ204. The vector, referred to as pJ204-T6, was digested with 

BsmBI and dephosphorylated. The E20 block was released from the previously 

published vector pMTL23-AIII-E20 [26] with FokI/BsmFI and then ligated into the 

linearized pJ204-T6 vector. The resulting pJ204-T6E20 vector was then digested 

with BsaI/BsmBI and the released insert was ligated into the dephosphorylated 

BsaI site of pJ204-T6 to yield vector pJ204-T6E20T6. All of the above triblock 

genes were released from the pMTL23 or pJ204 cloning vectors via XhoI/EcoRI 

and cloned into the corresponding sites of the P. pastoris expression vector pPIC9 

(Invitrogen). The resulting vectors pPIC9-T6R4T6, pPIC9-T12R4T12, pPIC9-

T16R4T16 and pPIC9-T6E20T6 were then linearized with SalI and transfected into P. 

pastoris his4 strain GS115 (Invitrogen) as described previously [27]. Other GS115-

based strains used in this study are: T9P4T9, T16P4T16 (Chapter 2), T9P8T9, T9R4T9, 

and T9R8T9 (previously denoted as TP4T [8], TP8T [5, 24], TR4T [8, 9], TR8T 

[5, 24] respectively). As mentioned in Chapter 2, a GS115-derived yps1 protease 

mutant was use for the expression of T16P4T16. 

 
Fermentation of P. pastoris 

Fed-batch fermentations (initial volume ~1.4L) were performed in Bioflo 3000 

fermenters (New Brunswick Scientific), as described previously [8]. The cultures 

were inoculated with precultures grown to OD600 ~2. The pH was maintained at 3.0 

for all strains except T6E20T6, which requires pH 6.0 for optimal protein production 

[26]. Temperature was kept constant at 30°C and methanol levels were kept at 0.2 

% (w/v) using a gas sensor-controller. 
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Protein Purification 

Purification of all types of triblock copolymers except T6E20T6 was done by 

ammonium sulfate precipitation as previously described [8], followed by extensive 

dialysis. The purity of the batches, determined as described previously [3, 8], was 

~99 %. The T6E20T6 protein was purified from the cell-free broth by the ITC 

method [26] using 5M NaCl and temperature cycling between 65°C and 4°C. The 

purified products were dialyzed after which the desalted product was lyophilized.  

 
SDS-PAGE, Densitometry and N-Terminal Protein Sequencing  

The NuPAGE Novex system (Invitrogen) was used for SDS-PAGE, with 10 % 

Bis-Tris gels, MES SDS running buffer and SeeBlue Plus2 pre-stained molecular 

mass markers. Gels were stained with Coomassie SimplyBlue SafeStain 

(Invitrogen). To allow the quantification of the amount of recombinant protein in 

the cell-free broth, a calibration curve of 2, 5, 10 and 20 µg of freeze-dried pure 

protein was included on the same gel as the samples being quantified. Gel images 

were acquired using a GS-800 calibrated densitometer (Bio-Rad) and bands were 

quantified using Quantity One computer software. N-terminal sequencing of 

proteins, either directly or after blotting of SDS-PAGE bands onto PVDF 

membrane, was performed by Midwest analytical (St. Louis, MO). 

 
Mass Spectrometry  

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) was performed as previously described [8] on an Ultraflex 

mass spectrometer (Bruker), using a 2,5-dihydroxyacetophenone matrix and a 600 

μm AnchorChip target (Bruker). Protein Calibration Standard II (Bruker) was used 

for external calibration. 
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Differential Scanning Calorimetry (DSC)  

Degassed 0.5 mL protein solutions in 0.1 M sodium phosphate pH 7.0 were loaded 

into a MicroCal VP-DSC calorimeter at 20°C. Protein solutions were equilibrated 

for 15 h at 20°C for triblock gelatins with T9, T12 and T16 end blocks, and 2°C for 

T6R4T6, to allow complete triple helix formation. T6E20T6 was equilibrated for 5 

hours at 20ºC followed by 5 hours at 15ºC, 5 hours at 10ºC and finalized with 10-

15 hours at 5ºC. Melting curves were recorded at a scan rate of 15°C/h. The 

concentrations used were 2.5 mM T6R4T6, 16.6 mM T6E20T6, 0.43-2.4 mM 

T9R4T9, 0.45-2.2 mM T9P4T9, 0.68 mM T12R4T12, 1.3 mM T16R4T16 and 0.2-1.3 

mM T16P4T16. The calorimetric transition enthalpy was obtained by integration of 

the area under the excess heat capacity peak. Generally, the flooring of the 

thermogram and the determination of the area under the endotherm involved the 

fitting of the thermogram baseline with a third-order polynominal and the 

application of Simpons’s rule. 

 
 Rheology  

A 0.7 mM T16P4T16 sample was prepared in 10 mM phosphate buffer (pH 7) and 

then heated at 85°C for 15 minutes, allowing the protein to dissolve completely 

under conditions where no triple helices are formed. The rheological measurements 

were made using an Anton Paar Physica MCR 301 rheometer equipped with a cone 

and plate geometry of 50 mm diameter. The temperature was controlled by a 

Peltier system, which allowed fast heating and cooling. A solvent trap was used to 

minimize evaporation. Before addition of the heated protein solution, the plate was 

preheated to 85°C. After lowering the cone, the system was quenched to 20°C. Gel 

formation was monitored for 15 hours by applying a sinusoidal deformation to the 

system (f=1 Hz and γ=1 %) and determining the storage (G’) and loss (G”) moduli. 

To determine the stress relaxation, creep experiments were carried out at 20ºC, 

after G0’ reached its plateau value. A stress of 5 and 10 Pa was applied to the 

T16P4T16 and T9P4T9 gel, respectively, and the strain response was followed in 
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time. Both stress values were within the linear regime. The duration of the 

deformation phase was 1800 s, which was followed by 1800 s of recovery.  

 
 
4.3 Results 
 
Production of Telechelic Polymers by P. pastoris  

The structure of the telechelic protein polymers and their constituting Tn, Pn, Rn 

and En blocks is schematically illustrated in Figure 4.1. As examples of the 

production of telechelic polymers with various (Pro-Gly-Pro)n end blocks, the 

production of T6R4T6 and T12R4T12 is shown in Figure 4.2. P. pastoris strains 

containing the genes encoding T6R4T6 and T12R4T12, with preprosequences 

targeting the products to the extracellular medium, were cultured in bioreactors. 

Cell-free fermentation broths and purified products were analyzed by SDS-PAGE 

and MALDI-TOF (Fig. 4.2). The purified proteins migrated as single bands in 

SDS-PAGE, confirming a high purity and intactness (see also Materials and 

Methods). As expected [8, 28], the proteins showed retarded migration, owing to 

the high polarity of the middle block [28] and the high content (relative to the 

marker proteins) of small amino acids residues. The molecular weights observed in 

MALDI-TOF were in good agreement with the expected values of 40.23 kDa and 

43.25 kDa for T6R4T6 and T12R4T12, respectively. Furthermore, N-terminal 

sequencing revealed that the proteins were N-terminally intact. The intactness of 

T6R4T6 and T12R4T12 agrees with that of all triblock copolymers with T6 and T9 

end blocks produced in P. pastoris, but contrasts with the previously observed 

partial degradation of T16P4T16, which originated from in vivo formation of stable 

T16 triple helices, and which could only be overcome by recurrence to a protease 

knockout mutant (Chapter 2). The yield of T12R4T12 (~0.6 g/L in the cell-free broth, 

according to densitometry) was intermediate between the yields of the polymers 

with T9 end blocks (several g/L in the cell-free broth [8]) and polymers with T16 
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	ܭ  ൌ 	
ሾ௛௘௟௜௫ሿ

ሾ௨௡௙௢௟ௗ௘ௗ	௖௢௜௟ሿయ
      (4.1) 

	

From the definition of Tm, it follows that at a temperature Tm, the concentration of 

unfolded coils can be substituted by ½Ce, and the triple helix concentration by 

(½Ce)/3 (one helix consists of three chains), where Ce is the end block 

concentration (equal to twice the polymer concentration). Noting that ∆ܩ°	 ൌ

°ܪ∆ െ ܶ∆ܵ° ൌ െ	ܴܶ ൉ °ܪ∆ which can then be written as ,ܭ݈݊ െ ௠ܶ∆ܵ° ൌ െ	ܴ ௠ܶ ൉

ln	ሺ
஼೐
଺

஼೐
య

଼
ൗ ሻ at Tm, the entropy (∆ܵ°) can be easily calculated from the measured 

values of the enthalpy (∆ܪ°) and Tm according to equation (4.2), where R is the gas 

constant. 

 

 ∆ܵ°	 ൌ 	
∆ு°

்௠
െ 	ܴ ൉ ݈݊ሺ3ܥ௘

ଶ

4ൗ ሻ     (4.2)  

 

The resulting ∆ܵ° values are also shown in Figure 4.4. 

It is seen that the absolute ∆ܪ°	and ∆ܵ° values increase with the length of 

the end block. The values for n=6 are probably less accurate and subject to an 

increased risk of underestimation of ∆ܪ°	and Tm, because (i) the area under the 

peak is relatively small (Fig. 4.3), (ii) relatively large concentrations are needed, 

leading to high viscosities, less accurate pipetting and risk of inclusion of air, and 

(iii) a relatively long pre-incubation is required at low temperature, possibly 

because of slow cis-trans isomerization. Nevertheless, an apparently linear 

relationship is obtained between the length of the end block and both the enthalpy 

and entropy, in good agreement with previous observations on free (Pro-Gly-Pro)n 

peptides of various lengths [12]. 

The Tm values of the various triblock polymer samples, which were 

obtained at various protein concentrations, are plotted as a function of the length of 

the end blocks in Figure 4.5A (black dots). When these Tm values are compared to 
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literature data obtained with free (Pro-Gly-Pro)n peptides at various concentrations 

(Fig. 4.5A, ‘+’ markers), the triblock polymers seem to have somewhat higher Tm 

values at first sight. Possibly, this difference can be explained, at least in part, by 

concentration differences. Rearrangement of equation (4.2) into equation (4.3) 

below highlights the concentration dependence of Tm at fixed n-value. 

 

௠ܶ 	ൌ
∆ு°

ሺ∆ௌ°	ା	ோ൉௟௡൬ଷ݁ܥ
2

ସൗ ൰ሻ
     (4.3) 

 

Since ∆ܪ°	and ∆ܵ° were known and are independent of concentration, we 

could convert the Tm values in Figure 4.5A, each measured at one particular 

concentration, to values expected for any other concentration. Figure 4.5B shows 

the values for an arbitrarily chosen concentration of 1 mM triblock polymer, equal 

to 2 mM end blocks. A similar operation for the free peptides yielded only a few 

data points, since in several cases the concentrations and/or enthalpy values were 

not specified in the publications concerned. For clarity, these peptide data points 

are not shown in Figure 4.5B, since they overlapped with the triblock gelatin data 

points. Because the enthalpy and entropy are linearly related to the length of the 

end blocks or free peptides (Fig. 4.4), it is possible to derive the enthalpy and 

entropy value per interchain hydrogen bond (i.e., per Pro-Gly-Pro tripeptide; the 

derivation will be addressed below). Using these values per H-bond or tripeptide, 

which will be further denoted as ∆݄° and ∆ݏ°, one can calculate ∆ܪ°, ∆ܵ° and also 

Tm (see Equation 4.3) for any triple helix length of interest, even if experimental Tm 

data for specific n values are missing. This principle was used to construct the 

continuous curves in Figure 4.5B. It is seen that the concentration-corrected curves 

for triblock gelatins and free peptides are very close to each other. Different ways 

of calculation (see below) resulted in slightly different curves for each of these two 
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groups and in view of this variability; the difference between triblock copolymers 

and free peptides is most likely insignificant.  

The values of ∆݄°	and	∆ݏ° were derived in three different ways. In the first 

approach, the values were derived by averaging over the entire set of 

measurements. For that purpose, and in harmony with the observed linear 

dependence of ∆ܪ°	on n, the ∆ܪ°	values obtained in each individual measurement 

were divided by the expected number (3n - 2) [12] of hydrogen bonds, formed 

between the peptide-NH of glycines in one end block and the peptide-CO of 

residues C-terminal to glycine in another end block taking part in the same trimeric 

knot. The ∆ܵ° values were divided by the number of (Pro-Gly-Pro) tripeptides per 

triple helix (3n). The ∆݄°		and ∆ݏ° values thus obtained could be averaged over the 

whole data set. In the second approach, the values were derived by iterative 

optimization of ∆݄° and ∆ݏ° such that the differences between the measured Tm 

values and the values calculated according to equation (4.3) from ∆݄°	and ∆ݏ° were 

minimized. In the third approach, ∆݄°		and ∆ݏ° were derived from linear least 

squares fitting of a plot of (3n - 2)/Tm versus 3n - 2 (in analogy of Hanes-Woolf or 

Klotz plots, which are more familiar in classical enzymology or ligand binding 

studies, respectively). If ∆݄°	and ∆ݏ° are defined according to ∆ܪ°= (3n - 2)·∆݄° 

and ∆ܵ° = 3n·∆ݏ°, then equation (4.3) can be rearranged into equation (4.4). 

 

ሺଷ୬ିଶሻ

೘்
	ൌ ሺ3n െ 2ሻ ൉ ቀ

∆௦°

∆௛°
ቁ ൅	൭

ଶ∆௦°ା	ܴ൉݈݊൬3஼೐
మ

4ൗ ൰	

∆௛°
൱  (4.4)  

 

With (3n - 2)/Tm on the Y-axis and 3n - 2 on the X-axis (Fig. 4.6), a slope ∆ݏ°/∆݄° 

is obtained, and an intercept (2∆ݏ°+R·ln(3Ce
2/4))/∆݄°ሻ, from which both ∆݄  and 

  .can be easily calculated °ݏ∆

 The ∆݄°	and ∆ݏ° for the free (Pro-Gly-Pro)n peptides were similarly 

derived using the values of ∆ܪ°, Tm and n available in the literature [12, 16, 17, 
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Table 4.1 ∆݄° and ∆ݏ° values of triblock gelatins and free peptides derived in three 
different ways. 

Method of derivation ∆݄° 

(kJ.mol-1) 

 °ݏ∆

(J.K-1.mol-1) 

Correlation 
coefficienta 

 
Triblock gelatins: 

Averaging of  
 values (3n - 2)/°ܪ∆

-8.8
(1.6)b 

-22  
(4.5)b 

0.95 

Iterative error 
minimizationc 

-10 -26 0.96 

Linear regressiond -10 -26 0.96 

 Free (Gly-Pro-Pro)n peptides: 
Averaging of  
∆ܵ°/3n values 

-7.2  
(1.0)b 

-18  
(3.1)b 

0.88 

Iterative error 
Minimizationc 

-8.4 -22 0.88 

Linear regressione -5.6f -13f 0.88 
a Correlation between experimental and calculated Tm values according to equation 

4.3, using the ∆݄° and ∆ݏ° values shown in this table. 
b Data for n=6 were disregarded. The sample standard deviation is shown in 

parentheses. With the n=6 data included, the ∆݄°	and ∆ݏ° values were ~ -8.2 ± 2.5 
kJ.mol-1 and ~ -20 ± 7.4 J.K-1.mol-1, respectively. 

c Iterative optimization of ∆݄° and ∆ݏ° using the Microsoft Excel Solver function, 
such that the differences between the measured Tm values and the values 
calculated from ∆݄° and ∆ݏ° (according to equation 4.3) were minimized. The 
same values were obtained with and without inclusion of the n=6 data. 

d According to Figure 4.6, i.e. after concentration normalization of individual Tm 
values, and disregarding n=6 data. Without normalization, the ∆݄° and ∆ݏ° values 
were ~ -12 kJ.mol-1 and ~ -31 J.K-1.mol-1, respectively. With normalization and 
with n = 6 data included, they were ~ -6.2 kJ.mol-1 and ~ -15 J.K-1.mol-1, 
respectively. 

e The method for free peptides was analogous to that shown in Figure 4.6 for 
triblock gelatins.  

f These values are less reliable, because the available literature values were obtained 
at only two different n-values (4 values at n=10 and 1 value at n=15). The fit of 
the (3n - 2)/Tm-versus-(3n - 2) plot had a correlation coefficient of 0.98. For other 
n-values, the necessary data combination of ∆ܪ° and concentration was not 
available and the conversion of all Tm values to those expected for a single 
nominal concentration could not be performed. Regression with mutually 
incompatible data obtained at different concentrations, and without such a 
conversion, yielded a ∆݄°	of -6.3 kJ.mol-1, and a ∆ݏ° of -16 J.K-1.mol-1. 
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A comparison of the three very different calculation methods gives insight 

into the stability of the data and thus, their reliability. The first method solely relies 

on the experimental measurement of	∆ܪ° for the determination of ∆݄°. The second 

and third methods solely rely on experimental determination of Tm (most obvious 

from Figure 4.6), but each have a different sensitivity to the spread of the 

experimental data. Table 4.1 shows that similar ∆݄° and ∆ݏ°	values were obtained 

using the three different methods. Note that insufficient literature data were 

available for a reliable linear regression of the Tm values of free (Gly-Pro-Pro)n 

peptides. The ∆݄° and ∆ݏ°	values of triblock gelatins and free (Gly-Pro-Pro)n 

peptides were also similar and, in view of the spread of the data and its effect on 

the calculations, they could not be distinguished. The ∆݄° values of triblock 

gelatins and free (Gly-Pro-Pro)n peptides are in agreement with the enthalpy of an 

N-H-O hydrogen bond (~8 kJ.mol-1). 

 
Density and Stress Relaxation of Triple-helical Crosslinks, as Determined by 

End Block Length 

 In previous work, we showed that triblock gelatins with T9 end blocks form a gel 

(network) through triple-helical interchain connections that are formed exclusively 

by the (Pro-Gly-Pro)9 end blocks [8, 9, 24]. The temperature-dependent relaxation 

time of T9 triple helix dissociation under mechanical stress was also measured [9, 

10, 25]. 

In the present chapter, we investigated the effect of increased thermal 

stability (i.e. increased end block length) on the rheological and relaxation 

properties. First, the gel-forming behavior of T16P4T16, followed by dynamic 

rheology after cooling from 85°C to 20ºC, was compared to that of T9P4T9. 

Because of the higher thermostability of T16P4T16, the temperature of measurement 

is further below the Tm of T16P4T16 than below the Tm of T9P4T9, under typical 

conditions. For example, a measurement at 20°C and 1 mM polymer would be 

~54°C below the Tm of T16P4T16 (~74°C), but only 21°C below the Tm of T9P4T9 
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(~41°C, see Fig. 4.5B above and Table S4.2 of the online supplementary 

information). In typical measurements, the triple helix association/dissociation 

equilibrium is therefore shifted more towards the helix form in T16P4T16 than in 

T9P4T9, at equal concentration, and the density of triple-helical crosslinks (and the 

elastic modulus) will be higher in T16P4T16 gels than in T9P4T9 gels. This effect is 

expected to be detectable at measuring temperatures down to 20-30°C below the 

(concentration-dependent) Tm of T9P4T9, because the equilibrium percentage of end 

blocks in triple helix form deviates form 100 % in that region [9].  

 

Figure 4.7 shows the development in time of the storage modulus G’ and 

the loss modulus G”, which reflect the elastic and viscous behavior, respectively. 

In the beginning of the gelation process, the viscous properties were predominant 

but with time, as the network developed, the elastic properties prevailed. A steady-

state storage modulus was reached after 10 - 15 hours. To maximize the difference 

between T9P4T9 and T16P4T16, a low concentration (0.7 mM) was used to generate 

the T16P4T16 gel. This concentration was previously shown [9] to be too low for 

T9P4T9 to form a well-detectable gel at room temperature, in view of the lower Tm 

of T9P4T9. In Figure 4.7, the time-dependent development of G’ of 0.7 mM 

T16P4T16 is therefore compared to that of 1.2 mM T9P4T9, at which concentrations 

both materials yield a similar steady state value of G’ and thus, a similar density of 

elastically active chains and triple-helical junctions. Note that each trimolecular 

helix represents one crosslink, and that the contribution of each helical junction to 

the elasticity of the network is essentially the same in T9P4T9 and in T16P4T16 gels, 

because the helix-forming end blocks are much shorter than the entire triblock 

copolymer chain. The kinetics of gel formation are influenced by several factors 

including the time to complete the zipper-like folding of the triple helix, the 

formation of premature network junctions consisting of incompletely folded 

helices, and the relaxation time of unfolding, which are all significantly different 

for longer helices. Under the conditions used, these factors are apparently balanced 
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appears to be independent of the middle block design. This is illustrated in the 

present work by the observation that (1) the general trends shown in Figures 4.4 to 

4.6 can be obtained with a set of telechelic polymers with different middle blocks, 

and (2) the concentration- and length-dependent Tm of free (Gly-Pro-Pro)n peptides 

and (Pro-Gly-Pro)n end blocks in triblock gelatins is similar (see Figure 4.5B). 

Apparently, the entropic penalty for a (Pro-Gly-Pro)n block to be part of a larger 

molecule is small. As middle blocks, we presently used (1) ~400 or ~800 amino 

acid long stretches of hydrophilic collagen-like (Gly-Xaa-Yaa)m sequences, (2) 

randomized versions of the aforementioned collagenous sequences with the same 

amino acid composition and length, yet an ~8 % higher gyration radius than the 

non-randomized sequences [24], and (3) an ~200 amino acid-long elastin-like 

sequence that develops hydrophobic interactions and optical turbidity in a 

temperature region just below the Tm of the gel. Likely, a wide variety of functional 

properties can be built into the middle blocks without loosing the possibility of 

independently tuning the Tm and the helix stability under mechanical stress. For 

obvious reasons, this is subject to the condition that the middle blocks will not give 

rise to stable intermolecular bonds, especially if these bonds occur close to the 

endblocks, since that would decrease the ∆ܵ° of triple helix formation significantly. 

Previously, we developed and published a model [9] relating the temperature- 

and concentration-dependent intra- and intermolecular interactions of T9XmT9 to 

the experimentally-determined mechanical properties of the gel. In that work, in 

which X was P [24] or R [9] and m was 4 or 8, very good agreement between 

experimental data and model predictions was shown for an extensive set of data 

and conditions [9, 24]. The model reflects the strong influence of temperature on 

the percentage of end blocks taking part in triple helices, in the region where the 

difference Tm - T is smaller than ~20 to 30°C. The model further reflects the 

influence of the polymer concentration on (1) the helix content and (2) the balance 

between (a) trimolecular helices (network junctions) and (b) bimolecular helices 

that result from intramolecular loops. The trimolecular junctions increase the 
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elastic modulus of the gel and the loops disturb the network and lower the 

modulus. The model now also appears to correctly predict a storage modulus of 

~20 Pa for T16P4T16 at 0.7 mM (Fig. 4.9A) and T9P4T9 at 1.2 mM (Fig. 4.9B), at 

20°C (vertical dotted line in Figure 4.9), in agreement with the experimental values 

shown in Figure 4.7. Similarly in agreement with our observations (data not 

shown), a very low storage modulus is predicted for polymers with T6 end blocks 

(Fig. 4.9A-B, dotted line with diamonds), except at very high polymer 

concentration (Fig. 4.9C). Based on this model and on the Tm data obtained at 

present, the elastic properties of the gel can in principle be predicted for any end-

block (examples in Figure 4.9) and thus, the gel properties can be tuned to suit 

particular applications at widely different operating temperatures and 

concentrations. This can be done without recurring to chemical crosslinking, which 

circumvents the poor degradability and risk of toxicity in the human body 

associated with covalently crosslinked gels.  
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predictions shown are for polymers with end blocks of length n = 6 to 16 and middle blocks 
of ~400 amino acids. (A) Triblock concentration 0.7 mM as used in Figure 4.7 for 
T16P4T16. (B) triblock concentration 1.2 mM as used in Figure 4.7 for T9P4T9. (C) High 
triblock concentration (4.8 mM), where also T6R4T6 is predicted to form a gel below 10°C. 
Experimentally, we have indeed observed T6R4T6 gel formation at high concentration and 
~4 - 5°C. The dotted line marked with ♦ refers to n=6, the dotted line to n=9, the dashed 
line to n=12 and the solid line to n=16. Values of -8 kJ.mol-1 and -20 J.K-1.mol-1 were used 
for ∆݄°	and ∆ݏ°, respectively. Critical overlap concentrations of 1.13, 1.05, 0.980 and 0.897 
mM were used for polymers with T6, T9, T12 and T16 end blocks, respectively, based on 
their respective radii of gyration [31]. 
 

The modular (block copolymeric) genetic design of these collagen-inspired 

molecules enables easy and independent adaptation of the individual modules or 

blocks. Also the number of blocks can be easily increased, to expand the range of 

functional properties and/or facilitate the combination of certain properties such as 

higher stiffness and lower Tm. Finally, bioactive and / or biointeractive domains 

could be introduced into the middle block independently from changes in Tm. The 

construction of new block copolymers from modules with a record of high-yield 

production in a given production host enhances the chance that these copolymers 

can be successfully produced. The modular approach thus maximizes the span of 

functional properties, while minimizing the effort of design and risk of production 

failure. 

Our collagen-inspired materials expectedly offer excellent biocompatibility. 

The Pm blocks were previously shown to be biocompatible in several in vivo and 

other tests [32]. Furthermore, the current middle blocks could be replaced with, for 

example, human-identical collagen sequences. These also will keep a random coil 

conformation down to very low temperatures, if they remain unhydroxylated as in 

our yeast production system [27]. Finally, (Pro-Gly-Pro)n sequences naturally 

occur in human and animal collagen, where they serve to nucleate the zipper-like 

folding of the triple helix. Previously, we showed that T9RnT9 offers erosion rates 

compatible with short- to medium-term drug delivery applications (i.e., spanning a 

few days) [5]. Our present results show that the elongation of the (Pro-Gly-Pro)9 
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end-blocks from n=9 to n=16 resulted in a much higher relaxation time of 

dissociation. This principle can be used to engineer gels with a lower rate of 

erosion and a longer lifetime in the body.  

The flexible, versatile design and the tunable triple helix stability of these non-

animal gelatin-like polymers will expectedly speed up developments towards 

application in the biomedical field. The high levels of production of these proteins 

in yeast [8], and the possibilities for future scale-up to industrial production can 

only facilitate this.  

 
 
4.5 Conclusion 
 
Recombinant telechelic polymers with various middle blocks and collagen-like 

triple helix-forming (Pro-Gly-Pro)n end blocks were produced as secreted proteins 

in the yeast Pichia pastoris. The thermomechanical stability of the triple helices 

could be tuned by varying the length n of the (Pro-Gly-Pro)n end blocks through 

genetic engineering. By varying n from 6 to 16, the Tm could be varied in a range of 

about 70°C, at concentrations around 1 mM, without having to recur to chemical 

(covalent) crosslinking. The variation of the thermostability can be understood in 

terms of a simple linear relationship between the length of the end block and the 

free energy of helix formation, or its constituting entropic and enthalpic 

components. This relationship appeared to be quantitatively comparable for the end 

blocks of the triblock gelatins and for free (Pro-Gly-Pro)n peptides, and it was also 

not influenced by the nature of the investigated middle blocks.  

All triblock copolymers studied formed stable hydrogels, and creep 

experiments showed that an increase of the end block length resulted in a higher 

stability under mechanical stress. Also in view of their biocompatibility, these 

materials can probably be tuned to be profitably applied in a variety of medical 

applications. 

 



Tuning	of	collagen	triple‐helix	stability	in	recombinant	telechelic	polymers	

Chapter	4	
 

101 
	

Associated content 

Supporting Information. The DNA sequences of the triple-helix forming end 

blocks used in this study can be found in Table S4.1, and the data underlying 

Figures 4.4-4.6 in table S4.2 
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Support Information  
 
Table S.4.1 DNA sequences of the triple-helix forming end blocks.  
Gene  Sequence 
T6

a 

 
CACCCGGTGCTCCCGGTCCGCCTGGTCCACCTGGTCCACCTGGTCCAC
CGGGTCCTCCCG 
GACCAGCCGGTGG 

T12 CACCCGGTGCTCCCGGTCCGCCTGGTCCACCTGGTCCACCTGGTCCAC
CAGGACCACCAG 
GTCCACCTGGACCACCGGGTCCGCCTGGTCCACCTGGTCCACCGGGTC
CTCCCGGACCAG 
CCGGTGG 

T6
b CTCGAGAAAAGAGAGGCTGAAGCTGGGTCTCCTGGTCCACCTGGTCC

ACCTGGTCCACCA 
GGACCACCAGGTCCACCTGGACCACCTGGTTGAGACGGAATTC 

a end-block used together with R4 middle block 
b end-block used together with E20 middle block 
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Table S 4.2 Thermodynamical parameters of individual samples.  

n 
mid 

block 
Tm 

ΔH° 
(kJ.K-

1.mol-1) 

ΔS° 
(kJ.K-

1.mol-1) 

[triblock] 
(mM) 

[(PGP)n] 
(mM) 

Tm at 1 mM 
triblock or 2 
mM (PGP)n 

Average-
baseda Tm at 

1 mM 
triblock or 2 
mM (PGP)n 

6 E20 20 -81 -218 16.57 33.15 -23 4.9 
6 R4 8 -17 30 2.44 4.87 -47 4.9 
9 R4 41 -175 -465 2.19 4.38 34 40.2 
9 R4 42 -192 -505 1.10 2.21 41 40.2 
9 R4 41 -319 -896 0.43 0.86 45 40.2 
9 R4 41 -192 -511 1.40 2.80 38 40.2 
9 R4 47 -192 -509 2.40 4.80 39 40.2 
9 R8 42 -209 -573 2.40 4.80 35 40.2 
9 P4 42 -204 -557 2.25 4.49 35 40.2 
9 P4 42 -224 -608 1.12 2.25 41 40.2 
9 P4 42 -204 -526 0.45 0.90 49 40.2 
9 P8 42 -234 -651 2.40 4.80 36 40.2 
12 R4 58 -263 -682 0.68 1.36 61 60.2 
12 R4 59 -365 -988 0.68 1.36 61 60.2 
16 R4 73 -418 -1107 1.29 2.58 72 76.4 
16 R4 73 -441 -1173 1.29 2.58 72 76.4 
16 P4 75 -522 -1399 1.29 2.58 74 76.4 
16 P4

b 74 -334 -830 0.20 0.40 84 76.4 
Free (pro-Gly-Pro)n peptides: 

5c - 
n.p
.d -282 n.p.d - n.p.d - -23.8 

9e - 17 n.p.d n.p.d - n.p.d - 31.3 
10f - 28 -156 -386 - 0.40 45 30.3 
10f - 32 -179 -453 - 0.40 47 39.3 
10g - 27 n.p.d n.p.d - 1.19 - 39.3 

10c - 
n.p
.d 

-238 -648 - n.p.d 44 39.3 

10c - 25 -215 -630 - 1.00 20 39.3 
10c - 37 -215 -583 - 1.40 40 39.3 
10c - 37 -199 -528 - 1.30 41 39.3 
12g - 38 n.p.d n.p.d - 0.99 - 51.9 
14g - 50 n.p.d n.p.d - 0.85 - 61.3 
15g - 52 n.p.d n.p.d - 0.79 - 65.2 
15c - 65 -314 -810 - 0.92 70 65.2 

a Calculated from the average Δh° and Δs° values in Table 4.1. 
b From protease knockout. 
c from literature reference 12. 
n.p., value not provided by the literature source. 
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e from literature reference 16. 
f from literature reference 31. 
g from literature reference 17.  
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Abstract 

 

The focus of this work was on SDS-PAGE of collagen-inspired proteins (CIP). The 

present CIP were produced in yeast as expression products of synthetic 

recombinant genes. CIP with equal amino acid composition, but different 

sequence, migrated at different rates in SDS-PAGE. During destaining, CIP 

capable of forming triple helical crosslinks in solution, diffused out of the gel less 

easily than variants incapable of triple helix formation. Thus, SDS-PAGE displays 

the molecular conformation of these proteins as well as protein-protein interactions 

of recombinant CIP.  
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5.1 Introduction 
 
In polyacrylamide gel electrophoresis (PAGE) of proteins, a polyacrylamide gel 

matrix is used to separate mixtures of proteins (e.g., from cells, subcellular 

fractions, column fractions, or immunoprecipitates) according to their 

electrophoretic mobility. Electrophoretic mobility is a function of the length and 

charge of a polypeptide chain. The migration rate is therefore determined by the 

combination of the pore size of the PA gel, and the charge, size, and shape of the 

protein. In SDS-PAGE, sodium dodecyl sulphate (SDS) is added to disrupt inter- 

and intra-molecular bonds so that the migration rate is determined by the molecular 

weight/charge ratio. SDS causes the unfolding of the proteins by binding to 

hydrophobic protein sites. This results in a “reconstructive denaturation” where, 

proteins adopt a conformational mixture of α-helix and random coil [1]. In most 

proteins, the binding of SDS to the polypeptide chain imparts a fixed number of 

charges per unit mass of the protein. And as a result, the migration and separation 

of the proteins during electrophoresis is approximately according to size.  

Contrary to most proteins, fibrillar proteins such as silk, elastin and 

collagen are rich in light amino acids with small side groups, such as glycine and 

alanine. The low average mass per amino acid residue of these proteins implies that 

their chain length and number of residues is higher than that of globular proteins of 

the same molecular mass [2, 3]. Consequently, collagens migrate in SDS-PAGE at 

an apparent molecular weight (Mwap, as calibrated with globular Mw marker 

proteins) approximately 1.4 times higher than the true Mw [4]. 

In addition to that, we have previously shown that collagen-like proteins 

(CIP) with an unnatural (designed), very hydrophilic amino acid composition show 

an even greater aberrant migration behaviour [5]. It was shown that this additional 

effect was due specifically to the highly hydrophilic nature of these CIP [6] and 
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probably, to poor binding of charge-providing SDS molecules since the interaction 

of SDS with proteins is mainly of a hydrophobic nature [7]. 

The ~ 37 kDa recombinant protein previously denoted as P4 is such a 

highly hydrophilic protein based on a synthetic (designed) gene [5]. Like natural 

gelatins, which consist of denatured and partly degraded natural collagen, P4 

consists of a repetition of (Gly-Xaa-Yaa) triplets, but in contrast to natural gelatine, 

it contains no hydrophobic amino acids other than proline, and it is specifically rich 

in asparagine and glutamine [5]. R4 has the same amino acid composition as P4, but 

its protein sequence is scrambled so as to avoid glycine as every third residue [8, 

9]. Because they both have the same amino acid composition and therefore the 

same Mw and length, it was expected that both proteins would migrate at the same 

velocity in SDS-PAGE. However, as described in the following, we discovered that 

this was not the case.  

Gel boxes and 10% NuPAGE Bis-Tris gels were purchased from 

Invitrogen. Gels were run at 200 V for 50 minutes under reducing conditions in 

MES running buffer, pH 7, supplemented with antioxidant, following the 

manufacturer’s protocol. To avoid interference with the staining process and 

remove SDS, the gels were washed 3 times with Milli Q (MQ) water for 5 minutes. 

Proteins visualization was achieved by staining the gels for 1 hour with the non-

standard, water-based SimplyBlueTM SafeStain, and SeeBlue® Plus2 Pre-Stained 

Standard was used as a molecular marker. To allow a better visualization of the gel 

bands and remove non-specific associations the gels were destained for 1 hour with 

MQ water.  

As expected, both proteins migrated poorly in the acrylamide gel network. 

However, the protein with the randomized sequence (R4) migrated faster than P4 

(Fig. 5.1). Fitzkee et al. have shown that even a polypeptide chain that assumes 

random coil conformation may contain small secondary structure elements that 

contribute to the overall flexibility of the chain [10]. 
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observed that after overnight (ON) destaining, P4 and R4 proteins were no longer 

visible in the gel (compare Figure 2 and 3, lanes 7-10; Table 5.1). A new staining 

step did not result in the reappearance of the protein bands (data not shown). 

Remarkably, the attachment of the trimer-forming Tn end-blocks resulted in 

retardation (n=6) or complete abolishment (n=9 or larger) of the protein diffusion 

out of the gel during destaining (compare Fig. 5.2 and 5.3, lanes 1, 2, 5, 6; Table 

5.1). 

We have previously shown that the thermostability of the triple helices is 

determined by the end-block length [14]. A higher number of (Pro-Gly-Pro) triplets 

results in a higher number of hydrogen bonds established between neighboring 

(Pro-Gly-Pro)n chains, and therefore, a higher (concentration-dependent) melting 

temperature (Tm) [12] (Table 5.1). For example, T9 and T16 end blocks have a 

melting temperature of ~ 41 and 74 °C, respectively, at a concentration of 1.2 mM.  

To investigate a possible correlation between Tm and the stability of the 

protein in the PAGE gel during destaining, a gel with samples containing either 

T9P4T9 or T16P4T16 was destained overnight and subsequently heated in a MQ 

water bath at 37°C for 1 hour. It was observed that in such conditions, T16P4T16 (Tm 

~ 74 °C) stays longer in the gel than T9P4T9 (Tm ~ 41 °C) (compare, in Fig. 5.2-4, 

lanes 1 & 2, and lanes 5 & 6). In a general sense, it appeared that the proteins with 

trimer-forming end blocks migrate out of the gel only when heated and apparently, 

the diffusion rates are directly correlated with the Tm and size of the end-blocks. 

Without heating, all trimer-forming proteins were retained in the gel, as shown 

above (Fig. 5.3, lanes 1, 2, 5, 6; Table 5.1).   

These observations indicate that the presence of trimer-forming end-blocks 

inhibited the diffusion out of the gel. To confirm that the retention was indeed due 

to the formation of [(Pro-Gly-Pro)]3 trimers (possibly leading to protein networks 

in the SDS-PAGE gel), two additional tests were performed. As a first test, the 

effect of 8M urea, which should inhibit triple helix formation, was investigated. It 

was indeed observed that the presence of urea abolished the retention of proteins 
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with trimer-forming capability during overnight (ON) destaining. Re-staining did 

not reinstall the visibility of the protein bands. As second test, the behavior of 

mutant versions of the T9 and T16 end-blocks, mentioned in Chapter 2 and denoted 

as “S9 and S16”, respectively, was investigated (Table 5.1). S9 and S16 have exactly 

the same length and amino acid composition as T9 and T16, but have a randomized 

sequence in which the repetitive (Pro-Gly-Pro) motive is no longer present (i.e. Gly 

does no longer occur in the third position after a preceding Gly). Therefore, triple 

helix formation can no longer take place in S9 and S16 (Fig. 5.5). 

 

Table 5.1. Triple helix stability in relation to disappearance of CIP’s from SDS-PAGE gels 
under various destaining conditions. 

Protein End-blocks Tm (ºC) Ability to form a 
gel  

Condition required 
for disappearance  

R4 -  - a no 1 – 1.5  hour 

P4 - - a no  1 – 1.5 hour 

T6R4T6 (PGP)6 10 yes ON b 

T9P4T9 (PGP)9 41 yes heating  

T12P4T12 (PGP)12 59 yes heating  

T16P4T16 (PGP)16 74 yes no disappearance  

S9P4S9 scr(PGP)9 
c - a no 1 – 1.5 hour 

S16P4S16 scr(PGP)16 
c - a no  1 – 1.5 hour 

a these proteins do not have trimer-forming blocks and are not able to form gels. Hence, there is no 
Tm. 
b ON, overnight (not shown in the figures). 
c with scrambled sequence, so as to avoid Gly in the third position after the previous Gly and obtain 
incompatibility with triple helix formation. 

 

It was observed that proteins with non-trimer-forming S end-blocks are no 

longer detectably present in the SDS-PAGE gel after ON destaining (compare Fig. 

2 and 3, lanes 3,4, and compare Fig. 5.6A and B). The detectability of the proteins 

in the gel after ON destaining thus appeared to correlate with the trimer- and 

network-forming capability of the molecules in solution. To know whether the non-
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B-Basic, a public-private NWO-ACTS programme (ACTS= Advanced Chemical 

Technologies for Sustainability). 
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Divide et impera  
Latin expression meaning to Divide and Conquer 

 
 

 

Collagen and gelatine array of applications is quite extensive, ranging from gelling 

agents in food, emulsifiers in photographic films, fillers in cosmetics and structural 

networks in drug delivery and tissue engineering systems. The key element for 

their broad spectrum of applications is the ability to establish triple helices and 

assemble into supramolecular structures. However, till today, these biomaterials are 

harvested from animal tissues generating safety concerns due to the potential 

transmission of animal-related infectious agents and induction of immunological 

reactions [1]. Additionally, due to this origin, the final product consists of a 

heterogeneous material made of different types of molecules that suffer from 

batch-to-batch variations [2], making its properties and performances difficult to 

predict. The contribution of collagen and gelatine to the highly demanding 

biomedical field could be broader if they were produced in an animal-free, 

reproducible and custom-made way.  

Currently, recombinant microbial systems are the only available 

technology able to produce customized collagen and gelatine in an animal-free and 

cost-effective way. Recombinant microbial systems can produce retraceable 

products with consistent quality. The existing DNA technologies allow the design 

of novel collagen-inspired proteins with tailor-made functionalities, architectures 

[3-5] and enhanced biological properties [6].  
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6.1. Secreted expression of collagen-inspired proteins by Pichia pastoris 

Our group has previously shown that the yeast P. pastoris can be successfully used 

for the secreted production of a new class of monodisperse, biodegradable and 

biocompatible gel-forming block copolymers [3, 7]. These polymers consist of 

triple helix-forming (Pro-Gly-Pro)9 end blocks (T9) flanking a long highly 

hydrophilic random coil midblock (Rm or Pm)  (Fig. 6.1) [7, 8]. Our triblock system 

was designed with the aim to independently tune the middle block and triple helix-

forming end blocks, so that gels with predictable rheological properties could be 

produced. Previous work done by our group has proven that the middle block 

length can be independently modified from the end blocks as to originate gels with 

different rheological properties. Teles et al. have shown that the middle block 

length influenced gel strengths [8] and drug release profiles [4]. The authors also 

demonstrated that the middle block length could be designed so as to tailor drug 

release profiles [4]. Furthermore, it was shown that the triple helix formation 

occurs exclusively due to the presence of the trimerizing (Pro-Gly-Pro)9 end blocks 

(Fig. 6.1) [3, 7, 9]. The contribution of the middle block to triple helix formation 

was found to be negligible since triple helices formed by three (Pro-Gly-Pro)9 

chains always corresponded to a melting temperature (Tm) of ~ 41 °C (at a protein 

concentration of 1.1 mM) regardless of the middle block length and amino acid 

sequence [7]. On the biological production aspect, it was shown that, although 

longer middle blocks render higher gel strengths their secreted production was not 

affected. Gel-forming proteins with 400 (P4 or R4) or 800 (P8 or R8) amino acids 

long mid-blocks were secreted at the same yield (Table 6.1) [3, 8]. What is more, 

even though these polymers can indeed establish stable triple helices and 

eventually gels at P. pastoris growth temperature (30°C), no secretion impairment 

was observed and the proteins were secreted intact and at a high yield  (Table 6.1) 

[3, 7]. 
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Gly-Pro)n stretches yielded triple helices with higher thermostabilities due to a 

larger number of hydrogen bonds involved [10, 11]. However, the elongation of the 

(Pro-Gly-Pro) end blocks seemed to influence the protein secretion yields and 

intactness. While the secreted expression yield of T6R4T6 was comparable to the 

T9P4T9 polymer, the yield of T12R4T12 was intermediate between the yields of the 

polymers with T9 end blocks and polymers with T16 end blocks (see Chapter 4). 

Furthermore, the secreted production of the polymer with T16 end blocks seemed to 

have reached the limits of P. pastoris secretion capabilities and the T16P4T16 

polymer was secreted at a 5-fold lower yield and partially degraded (Chapter 2). 

The polymer degradation could only be overcome by recurrence to a Yapsin 1 

protease knockout mutant. This partial protein degradation was found to be 

exclusive to the polymer that can establish highly stable triple helices (T16P4T16). 

Polymers with T6, T9 and T12 end blocks corresponding to a Tm of 10, 41 and 54°C 

respectively, were secreted intact, albeit with different yields (Chapter 4 and Table 

6.1). Although, the occurrence of intracellular triple helix established by the other 

collagen-inspired polymers cannot be discarded, it can be suggested that such 

helices are not as stable as the ones formed by T16 end blocks, resulting in a 

balance between triple helix formation and dissociation. The in vivo occurrence of 

stable triple-helices by T16 end blocks could directly trigger proteolysis or simply 

allow it to occur due, to the probable longer intracellular residence times of 

T16P4T16 when comparing with other proteins. The results obtained in Chapter 2 

and 4 seem to indicate that there is an inverse relationship between triple helices 

stability and the polymers secreted expression yields.  

A similar relationship between yield and stability was observed on the 

secreted production of elastin-like polypeptides (ELPs) [12]. ELPs are polymers 

composed of a repetition of short peptides inspired by the hydrophobic regions of 

natural elastin. Like the collagen-inspired polymers, ELPs are thermo-responsive 

but in an inverse way. While collagen-inspired polymers agglomerate when the 

temperature is lower than their Tm, ELPs agglomerate only when the temperature is 
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higher than their transition temperature (Tt) [13]. When a solution of ELPs is 

heated above its Tt, the hydrophobic regions cause contraction, desolvation, and 

protein aggregation. Schipperus et al. observed that ELPs with low Tt are produced 

at a lower yield than polymers with higher Tt [13]. The authors hypothesized that 

ELPs with lower Tt  are more prone to meet, in P. pastoris secretory pathway, 

conditions at which, they aggregate or stick to other cell components due to their 

highly hydrophobic content [13].  

In this thesis, we were able to discard the T16P4T16 low secretion yields and 

partial degradation, due to hydrophobic interactions. This, thanks to the design of a 

randomized version of equal hydrophobic content but unable to form triple helices, 

the S16 block. The S16P4S16 proteins were secreted intact and at high yields despite 

having the same amino acid composition and hence hydrophobic content (Table 6.1 

and Chapter 2). It could be concluded that the impaired secretion and partial 

protein degradation of T16P4T16, was triggered by the intracellular occurrence of 

stable triple helices.  

Together, these observations suggest that there is an inverse relationship 

between the ability to establish stable supramolecular structures and the protein 

secretion yields. In order to overcome the secretion bottleneck of triple helix 

forming polymers, several attempts were made to optimize P. pastoris’ growth 

medium or avoid triple helix formation itself. 

 
 
6.1.2 Growth medium optimization for collagen-inspired proteins secreted 

expression by P. pastoris	

Growth conditions are known to influence protein production yields and quality 

[14-17]. To obtain optimal production yields, fermentation protocols must be 

optimized according to the protein being expressed. So far, there is no such thing 

has an universal growth medium.  
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 In Chapter 2 it was demonstrated that T16P4T16 partial degradation could 

only be avoided by the use of a P. pastoris Yapsin 1 deficient strain. Although, the 

use of a Yapsin 1 knockout strain allowed the production of intact collagen-

inspired proteins with high thermal stability, the high secretion yields were not re-

established. Schipperus et al. have shown that the ELPs production and 

degradation was pH dependent [12]. Within the experimental pH range of 3 to 7, an 

increasing secretion yield was found in cultures grown at higher pH, with an 

optimum at pH 6. As the pH of the medium is known to influence the protein 

expression yields [14,15,18], the optimization of the fermentation medium pH was 

attempted. Contrary to the previous authors, it was observed that the expression of 

T16P4T16 at pH 6 resulted in lower cell growth (Fig. 6.2). SDS-PAGE of 

microfiltrated cell-free broth at pH 6 revealed the presence of extra protein bands 

that could be associated with cell lysis (Fig. 6.3). Cellular lysis and growth arrest 

were only observed after methanol induction, suggesting it resulted from T16P4T16 

expression. The extracellular pH influence seemed to be restricted to T16P4T16 

since, the growth rate of cells expressing T9P4T9 was not influenced by the pH of 

the medium (Fig. 6.2).	 The	 inverted effect of the medium pH on the optimal 

growth conditions for the expression of the ELPs and collagen-inspired proteins, 

could be explained by two different mechanisms. On the cellular level, the higher 

(extracellular) pH could cause changes in the chaperones availability or on the 

efficiency of the proteins transport across the cell wall, resulting in aggregation or 

mislocalization. Simply, the cellular machinery at pH 3 could be more beneficial 

for the T16P4T16 transport while the conditions at pH 6 could be better for ELPs 

secretion. Accordingly, it was shown in Chapter 3 that at pH 6 and under batch 

conditions, T16P4T16 accumulates in cellular compartments associated with the ER. 

Formation of highly stable triple helices seems to occur already in the ER, possibly 

blocking or retarding protein secretion. However, these observations can only be 

stated for cells grown under batch conditions and at pH 6. Future research on the 
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impact of the extracellular pH on cells grown under fed-batch and batch conditions 

should be performed, to clearly understand the pH influence on the T16P4T16 

secreted expression.  

On the protein level, the exposure of the ELPs to low pH in the periplasm 

could trigger an increase of its hydrophobicity causing intracellular protein 

agglomeration and secretion arrest. Secretion arrest could also be caused by the 

ELPs interaction with the cellular lipid membranes due to their higher 

hydrophobicity.  

For T16P4T16, the presence, at pH 6, of positively charged lysines and 

negatively charge glutamic acids could lead to electronic interactions between the 

P4 middle blocks, obstructing the access of Yapsin 1 or other protease to their 

restriction site. The degradation profile of T16P4T16 polymers secreted at pH 6 was 

similar to the one at pH 3, so the lack of protease activity at the higher pH was not 

the cause for cell lysis. But perhaps, was not as efficient. Yapsins are zymogen 

proteins requiring an acidic pH (pH4) for their activation [19]. The fact that the 

external pH was 6 could mean that this specific set of enzymes was not active and 

degradation was probably performed by other protease. To see if there are other pH 

specific proteases, it could be interesting to grow the yapsin 1 mutant at pH 6 and 

see if T16P4T16 is once again partially degraded.  

Curiously, the attachment of the enhanced Green Fluorescence Protein 

(eGFP) molecule to both ends of the T16P4T16 molecule, restored the normal 

cellular growth rates at pH 6 (Fig. 6.2). The product presence in the fermentation 

medium was confirmed by measuring the eGFP fluorescence levels in the 

fermentation supernatant. Fluorescence levels increased throughout the 

fermentation and no significant levels of cell lysis were observed (Fig. 6.4). This 

could mean that the protein present in the fermentation medium resulted from 

secretion and not to cell lysis. The attachment of eGFP, a 27 kDa globular protein, 

to T16P4T16 seemed to have resulted in less cellular stress. There could be several 

explanations for this observation. On one hand, the presence of eGFP could have 
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altered the secretion pathway and simply by coincidence, resulted in a new 

secretion pathway that caused less stress to the cells secreting eGFP-T16P4T16-

eGFP at pH 6. 

 

 

 

 

 

 

 

 

 
 
Figure 6.2. Comparison of growth curves of P. pastoris strains expressing different triblock 
copolymers at different pH. At pH 3, (   ) T16P4T16 and (   ) T9P4T9. At pH 6, (   ) T9P4T9 
and (   ) T16P4T16 (   ) eGFP-T16P4T16-eGFP.  
 

 

 

 

 

 

 

 

 
Figure 6.3. SDS-PAGE of extracellular medium of P. pastoris cells expressing T16P4T16  at 
different extracellular pH. Lane 1, pH 3; Lane 2, pH 6; Lane 3, molecular weight marker. 
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For all samples, 10 μL of microfiltered cell-free broth after ~ 48 h of methanol induction 
was loaded. 
 

In fact, it has been showed that eGFP is not a passive reporter but rather 

forms oligomers in the secretory pathway, which could alter the intracellular 

transport of the protein [20]. Also, the attachment of eGFP to the triple helix-

forming end blocks could have delayed or obstructed triple helix formation and 

avoid cellular stress. In Chapter 2, it was demonstrated that production problems of 

T16P4T16 are due to intracellular triple helix formation suggesting, that the 

temporarily suppression of triple helix formation could resolved the problem. 

Unfortunately, it was not possible to purify eGFP-T16P4T16-eGFP neither by 

ammonium sulfate precipitation nor by anti-GFP immunoprecipitation, so nothing 

can be concluded about the protein intactness.  

	

	

	

	

	

	

	

	

	

	

	

Figure 6.4. SDS-PAGE of extracellular medium of P. pastoris cells expressing T16P4T16 or 
eGFP-T16P4T16-eGFP. Lane 1, molecular weight marker; Lane 2, T16P4T16; Lane 3, eGFP-
T16P4T16-eGFP. For both samples, 10 μL of microfiltered cell-free broth after ~ 48 h of 
methanol induction was loaded. 
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6.1.3 Avoiding intracellular triple helix formation  

In order to hinder triple helix formation and secrete a protein that could be 

easily purified from the fermentation medium, half of the P4 mid-block was added 

to both ends of the T16P4T16, originating the P2T16P4T16P2 polymer. The new 

addition indeed re-established the production and secretion yields (Fig. 6.4 and 

Table 6.1) but was not sufficient to inhibit partial protein degradation (data not 

shown). P2T16P4T16P2 was degraded in a similar manner as T16P4T16 suggesting 

that Yapsin 1 was again responsible for protein degradation. Yet, SDS-PAGE 

analysis of P2T16P4T16P2 supernatant fermentation broth shows that, there are fewer 

P. pastoris proteins in the fermentation medium indicating that there is less cellular 

lysis (Fig. 6.5). This suggests that the secreted expression of this new construct 

seemed to have caused less cellular stress. As a control, the length of the mid-block 

was doubled to ~ 800 amino acids (P8) creating a protein with the same number of 

blocks as P2T16P4T16P2 but different sequence, the T16P8T16 polymer. Although this 

elongation also reduced the relative length of each of the T16 end-blocks to ~5% of 

the entire molecule like in T9P4T9, it did not improve the secretion yield (Table 

6.1). In reality, T16P8T16 still has two end blocks capable of supramolecular 

assembly, indicating that the strength of the triple helix is indeed the cause for 

secretion impairment.  

Based on these results, further research could be done on the secreted 

expression of P2T16P4T16P2 in a Yapsin 1 knockout strain. The expression of 

P2T16P4T16P2 in a Yapsin 1 deficient strain might yield an intact polymer. It would 

be interesting to discern if the P2 blocks attached to the T16 triple helix-forming 

end-blocks could indeed interfere with triple helix formation. DSC analysis should 

be performed to verify if the triple helices formed would be less stable than the 

ones established in the T16P4T16 polymer.  
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Figure 6.5. SDS-PAGE of extracellular medium of P. pastoris cells expressing T16P4T16 

and P2T16P4T16P2. Lane 1, T16P4T16; Lane 2, P2T16P4T16P2; Lane 3, molecular weight 
marker. For both samples, 10 μL of microfiltered cell-free broth after ~ 48 h of methanol 
induction was loaded. 

 
 
6.1.4 The secretory pathway must be traveled alone 

Although it was not unequivocally proven that intracellular triple helix hinderance 

could re-establish high secretion yields, the results obtained seem to point on that 

direction. Therefore, a universal P. pastoris production system could possibly be 

designed as to achieve high secretion yields. Primarily, intracellular triple helix 

formation should be avoided by attaching a protein known to be properly secreted, 

easily purified and preferably globular. The presence of a globular protein should 

act as an obstacle to triple helix formation (Fig. 3.5 in Chapter 3). During the 

design of the chimeric protein a cleavage site could be added between the collagen-

inspired polymer protein and the triple-helix hindrance protein (tag) in order to 

easily remove it when it is no longer necessary. Once a high secretion yield is 

achieved, proteins could be purified from the fermentation broth and in vitro 

removal of the tag protein could be done by enzymatic reaction, so that triple helix 

formation could occur (see Chapter 3 Fig. 3.5).  
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Table 6.1. Comparison of secretion yield, gel formation capabilities and melting 
temperatures of triple helix and non-triple helix forming collagen-inspired proteins. 

 Protein  Tm 
(°C)a 

Protein 
quality  

Secretion 
yield 
(g/L) 

End-blocks  Reference 

Trimerizing 
proteins 

T6R4T6 10 intact ~ 4 b 
(Pro-Gly-

Pro)6 
Chapter 4 

T9P4T9/T9R4T9 41 intact 2.1 ± 0.2 
(Pro-Gly-

Pro)9 
[7, 9] 

T9P8T9/T9R8T9 41 intact 2.0 ± 0.2 
(Pro-Gly-

Pro)9 
[3] 

WT9R4T9C 
41 
/50 

partially 
degraded 

n.a 
(Pro-Gly-

Pro)9 
[21] 

T12R4T12 54 intact ~ 2 b (Pro-Gly-
Pro)12 

Chapter 4 

T16P4T16/T16R4T16 74 
partially 
degraded 

0.38 ± 
0.02 

(Pro-Gly-
Pro)16 

Chapter 
2/This 
chapter 

P2T16P4T16P2 n.m 
partially 
degraded 

2.0 ± 
0.03 

(Pro-Gly-
Pro)16 

This 
chapter 

T16P8T16 n.m  
partially 
degraded 

0.38 ± 
0.02 

(Pro-Gly-
Pro)16 

This 
Chapter  

Non- 
Trimerizing 

proteins 

S9P4S9 -c intact 2.1 ±0.6 

randomized 
version of 
(Pro-Gly-

Pro)9 

Chapter 2 

S16P4S16 -c intact 2.6 ±0.2 

randomized 
version of 
(Pro-Gly-

Pro)16 

Chapter 2 

a concentrations at which Tm was measured can be seen in the respective chapters 
b yield based on a single data point. 
c not applicable 
n.a – data not available 

n.m – not measured 

	

Besides the protein engineering solution, the use of other recombinant 

systems could also be considered. For the production of collagen-inspired proteins 

that can establish highly stable triple helices it would be advisable to use an 

organism that can grow at high temperatures. The filamentous fungi Aspergillus 

niger is able to grow at temperatures as high as 50°C and could therefore be an 

option [22, 23]. Several mammalian cell lines have also been used to produce novel 
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engineering collagens [24]. This last system has the advantage of having adequate 

levels of endogenous collagen processing proteins (such as P4H and HSP47) 

facilitating the recombinant collagen folding and transport along the secretory 

pathway [24, 25].   

 
 
6.2 Tunability of the thermostability 

 
One of the aims of this thesis was to prove that the different blocks of our collagen-

inspired triblock system can be independently tuned and originate gel networks 

with predictable properties. Natural collagen and gelatine preparations are highly 

complex and therefore it is extremely difficult to predict their supramolecular 

conformations and stability based on their amino acid sequence. In our triblock 

system, triple helices are established exclusively by hydrogen bonds between a 

known (Pro-Gly-Pro)n sequence making the prediction of the its thermostability 

possible (Chapter 4). It was shown, that the variation of the thermostability could 

be understood  in terms of i) a simple linear relationship between the length of the 

end block and the free energy of helix formation, or ii) its constituting entropic and 

enthalpic components (Chapter 4). Furthermore, the use of reversible ligations, like 

hydrogen bonds, allows the adaptability of our gel networks to external stimuli 

such as pH, temperature or salinity. When designed in such a way, these materials, 

known as smart materials, are able to change their conformation according to the 

external conditions. However, if reversibility is not a requesite, other aproaches 

could be followed to vary triple helices thermostability. Enzymatic reactions like 

hydroxylation of the proline residues could be performed as to increase the triple 

helix thermostability and further mimick collagen molecules but, this possibility 

requires the use of mammalian cells with a native P4H [2, 24] or the use of a 

recombinant system  with a heterologous P4H [1, 26, 27]. In Chapter 4, it was 

demonstrated that by increasing the number of (Pro-Gly-Pro) domains through 

genetic engineering, the thermomechanical stability of our polymers triple helices 
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could be increased. In a similar manner, the trimerizing blocks could be designed 

as to incorporate aminoacids able to establish covalent ligations. For example, 

cysteine residues can establish disulphide bonds originating an irreversible 

covalent ligation. Our group has designed a collagen-inspired polymer based on the 

T9R4T9 polymer to which a tryptophan (W) and a cysteine (C) amino acid were 

added to the N- and C-terminal ends, respectively, originating the WT9R4T9C 

polymer [21]. Differential scanning calorimetry (DSC) of the WT9R4T9C polymer 

revealed a biphasic profile with one peak at 41°C and a second peak with a 

maximum at 50°C (Fig. 6.6). The first peak corresponds to the formation of triple 

helices by the T9 end block; triple helices formed by this domain have a Tm of 41 

°C (at 1.1 mM protein concentration). The second peak could be attributed to the 

triple helices formed by T9 end block stabilized by a disulphide bond which could 

increase the triple helices Tm. The formation of a disulphide bridges will decrease 

the translational (diffusive) entropy component in the non-triple helical state. 

Therefore, there will be a lower entropy penalty for trimer formation. This directly 

stabilizes the helix form, stirring the equilibrium in the direction of the helices, 

originating helices with higher Tm. Curiously, these polymers were secreted at a 

low yield and partially degraded by P. pastoris. Despite having a lower melting 

temperature than the properly secreted T12R4T12, it was necessary to use a Yapsin 1 

knockout strain to produce intact polymers. Several scenarios could explain such 

result. Formation of triple helices occurs in two steps: nucleation and propagation 

[5]. Formation of helix nuclei requires the simultaneous collision of three mutually 

aligned T blocks. At low concentrations, when such a simultaneous collision is 

rather infrequent, nucleation is rate limiting [5].	 However, in the WT9R4T9C 

polymer, disulfide bonds can be established and stable dimmers are formed 

increasing the possibilities for trimer formation. Formerly, when trimer formation 

relied exclusively on weak, reversible hydrogen bonds the chance of three helices 

meeting at the same time was lower. As it was demonstrated in this thesis, 

intracellular formation of stable triple helix leads to protein degradation. 
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WT9R4T9C polymers could be degraded simply by the higher chance of its end 

blocks establishing stable triple helices. Also, the presence of the disulphide bonds 

could lead to the formation of hexamers or other possible supramolecular structures 

which could also explain the Tm increase and protein degradation. So degradation 

could simply be a reaction to the formation of supramolecular structures and not 

directly to trimer stability. Regardless of the reasons behind protein degradation, it 

was demonstrated that the addition of an amino acid able to establish covalent 

ligations influenced the thermostability of the triple helix. Throughout this thesis it 

was demonstrated that our polymers properties can be precisely tuned and 

predicted through genetic engineering design which, together with their 

biocompatibility, makes these materials suitable for a variety of biomedical 

applications.   

	

	

	
 

 

 

 

 

 

 

 

Figure 6.6. Thermal denaturation of T9R4T9 and WT9R4T9C  (1.2 mM), as reflected by 
DSC. The DSC profile of T9R4T9 (full line) shows a single peak with a maximum at ~ 
41°C. WT9R4T9C DSC profile (dashed line) shows a biphasic thermogram [21]. The low 
temperature peak coincides with Tm of the triple helices formed exclusively by hydrogen 
bonds and the higher temperature peak could be attributed to the triple helices in which a 
disulphide bond is involved.  
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6.2.1 Biomedical applications 

Collagen and collagen-based biomaterials are widely used in the fields of drug 

delivery, tissue engineering and wound dressing. To date, most of the present 

research is aimed at the enhancement of the mechanical strength, biodegradability 

or delivery characteristics of these materials. For tissue engineering applications it 

is known that, the elasticity of the cell growth matrix directs stem cell development 

to different lineages [28]. Soft networks (0.1-1 kPa) mimic brain tissue promoting 

neuron development, stiffer scaffolds (8-17 kPa) allow muscular tissue growth, and 

the growth of bone cells are promoted by gel networks with and elastic modulus of 

24-40 kPa [28]. Teles et al. have shown that the middle block length, of our 

triblock system, can be changed as to originate gel networks with specific drug 

delivery profiles making them interesting drug delivery and wound dressing 

materials. However, the authors have shown that at physiologic temperature (37°C) 

the gels erode in 2 days which for tissue engineering purposes would not suffice 

since it is too fast for tissue growth. In the previous chapters, it was demonstrated 

that the end blocks length influenced both the gel strength and its thermal stability 

with longer end-blocks originating sturdier gel structures with slower erosion rates. 

Our triblock system can hence be designed to create gel networks with the desired 

elasticity and erosion rates for specific cell growth lines. Therefore, the recently 

developed collagen-inspired polymers have potential in the biomedical field and 

should be further studied to analyse the tunability of drug delivery profiles and cell 

growth promotion.  

 

6.3 Conclusions and future prospects 
 

Over the course of this project we designed and produced, with different degrees of 

success, gel-forming collagen-inspired triblock copolymers using the yeast P. 

pastoris. It was shown that, through genetic engineering the thermostability of the 
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collagen-inspired polymers triple helix can be tuned and predicted, with longer end 

blocks having higher melting temperatures due to the higher number of hydrogen 

bonds involved. However, when using a recombinant organism like P. pastoris 

there seems to be an inverse relationship between protein secretion yields and triple 

helix thermostability and formation kinetics. Polymers with high triple helix 

thermostability were secreted at lower yields than polymers with lower triple helix 

thermostabilities. It was shown that, intracellular formation of stable triple helices 

leads to cellular stress and protein degradation and should be avoided if possible. In 

case such occurrence cannot be avoided, a P. pastoris yapsin 1 mutant can be used 

as a cell factory for the secreted production of intact collagen-inspired proteins that 

can form highly stable triple helices albeit the lower secretion yields.  

It was demonstrated that the use of triple helix-forming (Pro-Gly-Pro)n domains 

allows the predictability of the triple helices stability since both enthalpic and 

entropic contributions of each hydrogen bond are known. This know-how will 

permit the design of gel networks with specific rheological properties and 

applications. This system also allows the introduction of different blocks with other 

characteristics and functionalities, such as human sequences or cell binding sites. 

Although the applicability of these polymers in the biomedical field was a major 

concern throughout this thesis that, should not be a constraint and other fields and 

alternatives should be explored. For example, biorecognition and biomineralization 

sequences could be incorporated for the development of new types of conductors 

that can be used in the field of electronics, optics and sensors devices [29]. 
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It is the ability to establish triple helices and assemble into supramolecular 

structures, which makes collagen and its denature counterpart, gelatine, interesting 

for the food and biomedical industry. Collagen and gelatine array of applications is 

quite extensive, ranging from gelling agents in food, emulsifiers in photographic 

films, fillers in cosmetics and structural networks in drug delivery and tissue 

engineering systems. Despite their vast use, the animal origin of these protein 

materials, mainly bovine and porcine tissues, poses the risk of pathogen 

transmission or allergic reactions. However, mammalian tissues contain more than 

one type of collagen resulting in a lack of reproducibility and heterogeneity 

between batches. The variability in composition and structure of animal-derived 

collagen and gelatine presents a significant challenge for those using these proteins 

in medical applications, where reliable, predictable and traceable materials are 

essential. Additionally, the harvest of collagen and gelatine from animal tissues 

restrains us to the use of what is already available in nature and in commercial 

quantities.   

Thanks to the development of DNA recombinant technologies, the 

capability to design genes and obtain proteins with custom made conformations 

and functionalities has become a current day activity. In accordance, a myriad of 

recombinant systems have been developed to produce high yields of high quality 

heterologous proteins. However, there is no universal recombinant system that can 

be used by default. The choice between recombinant systems depends of the 

protein being expressed, the need for post translational modifications, the 

concentration of protein required and the costs associated to its production. In the 

present thesis, Pichia pastoris was the recombinant system of choice due to its 

many advantages. It is able to reach high cell densities on defined low-cost media, 

has a tight regulated AOX methanol induced promoter and can produce properly 

folded proteins with correct disulphide bond formation and other eukaryotic 
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posttranslational modifications. The ability to secrete high amounts of heterologous 

proteins and low amounts of endogenous proteases is further considered as a plus 

by the biomedical industry, as downstream processing costs can be considerably 

reduced when compared to other industrial strains as Saccharomyces cerevisae or 

Escherichia coli.  

The possibility to custom design collagen and gelatine-inspired 

biomaterials and use a reliable production system like P. pastoris, is highly 

appealing for the safety demanding biomedical field.  

Our group has previously used this system for the secreted production of 

collagen-inspired proteins formed by two triple helix-forming (Pro-Gly-Pro)9 end 

blocks and one long random coil middle block. The triblock system allows the 

formation of gel networks with defined properties and porosities since i) triple 

helix is exclusively established by the (Pro-Gly-Pro) end blocks, connected by ii) a 

random coil middle block of known length. It was shown that the middle block can 

be independently tuned to originate gel networks with predictable rheological 

properties and drug delivery profiles and had no effect over the triple helices 

melting temperature. Only the collagen-inspired (Pro-Gly-Pro)9 end block domain 

seemed to contribute to the triple helix Tm which was ~ 41°C at a 1.1.mM protein 

concentration. Despite the possibility to establish triple helices (Tm ~ 41°C) at P. 

pastoris growth temperature (30°C), the secreted expression of these proteins was 

not impaired. Also, the elongation of the middle block proved to be no burden for 

P. pastoris secretory capability, since similar secretion yields were found for 

triblocks with middle blocks of ~37 or ~73 kDa. These positive results, paved the 

way to the design of a series of triblock polymers with different end block lengths 

and hence Tm. However, every system as a limit and P. pastoris is no exception. 

 

In Chapter 2, it was demonstrated that the elongation of the collagen-inspired (Pro-

Gly-Pro)9  domain to (Pro-Gly-Pro)16 resulted in a considerable lower secretion 
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yield and partial protein degradation by protease Yapsin 1. This result could have 

been explained by i) higher prolyl-tRNA turnover requirements, ii) higher 

hydrophobic content resulting in hydrophobic interactions or iii) incapacity to 

process highly stable triple helical conformations (Tm of ~74°C). The restitution of 

the secretion yields and intact product secretion by designing a polymer with non-

collagen-like end blocks, revealed that the protein secretion impairment was due to 

intracellular triple helix formation. The non-collagen-like endblocks have the same 

amino acid composition but randomized sequence as to avoid triple helix 

formation. The intact gel-forming polymer could only be obtained by recurring to a 

P. pastoris strain deficient in the periplasmic protease Yapsin 1. Although the use 

of Yapsin 1 knockout strain allowed the secretion of intact polymer it did not 

restore the high secretion yields. To know where the secretion bottleneck was 

occurring, a closer look at P. pastoris cells was conducted.  

 

In Chapter 3, electron microscopy was performed to observe where triple helix 

formation was occurring. ER expansion and vesicle formation were observed only 

when gel-/triple helix-forming proteins with a high Tm were being expressed. Such 

observations were absent in cells expressing proteins with mutant end-blocks, 

endblocks with equal amino acid composition but unable to establish triple helices. 

The presence of extra organelles could have resulted from protein aggregation due 

to triple helix formation or ER volume enlargement as an attempt to minimize 

protein aggregation. This result suggests that triple helix formation should be 

avoided in order to achieve high secretion yields of proteins able to establish highly 

stable triple helices.  

 

In Chapter 4, it was shown that the thermomechanical stability of the triple helices 

could be tuned by varying the length of the (Pro-Gly-Pro) end blocks through 

genetic engineering. An increase of the triple helix Tm could be achieved by 
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increasing the number of hydrogen bonds involved without the need to resort to 

chemical (covalent) crosslinking. All triblock copolymers studied formed stable 

hydrogels, and, an increase of the end block length resulted in higher stabilities 

under mechanical stress. The variation of the thermostability could be understood 

in terms of i) a simple linear relationship between the length of the end block and 

the free energy of helix formation, or ii) its constituting entropic and enthalpic 

components. The comparison with triple helices formed by free (Pro-Gly-Pro)n 

peptides seemed to indicate that this relationship was not influenced by the nature 

of the middle blocks. Regarding the use of P. pastoris as a cell factory, it was 

observed that there is an inverse relation between triple helix stability and secreted 

production yield. Proteins able to establish triple helices with high thermostablity 

were secreted at a lower yield.  

 

In Chapter 5, it was shown that denaturing SDS-PAGE gels can monitor the ability 

of collagen-inspired proteins to form supramolecular assemblies. During the 

destaining process proteins that cannot establish triple helices diffuse out of the 

acrylamide gel, while triple helix-forming collagen-inspired proteins are still 

visible after destaining over-night. Furthermore, it was observed that the diffusion 

speed from the gel is related to the triple helix Tm. Proteins that can establish triple 

helices with high thermostability diffuse slower from the gel. In addition, the 

migration of the middle blocks in a SDS-PAGE gel revealed that subtle differences 

in migration speed can expose changes in the amino acid sequence of random coil 

proteins. 

 

During the course of this project several attempts were made to increase the 

secretion yield of collagen-like proteins with high thermo stability. While not all 

experiments were successful, their results do yield additional hypothesis for further 

research that could lead to a further improvement of P. pastoris as a cell factory for 
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the production of collagen-like proteins. These experiments are discussed in detail 

in Chapter 6.  
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Collageen en zijn gedenatureerde vorm, gelatine, zijn van belang voor de 

levensmiddelen en biomedische industrie omdat beide polymeren via triple helix 

vorming een supramoleculaire structuur kunnen creëren. De toepassingen van 

collageen en gelatine zijn uitgebreid en variëren van gelerende verbindingen in 

levensmiddelen, emulgatoren  ten behoeve van fotografische films, vulmiddelen en 

dragermateriaal in cosmetica en medicijnen. Ondanks hun brede gebruik brengt de 

dierlijke herkomst van deze eiwitten risico’s met zich mee, zoals overdracht van 

besmettelijk ziektes en allergische reacties. Daarnaast bevatten dierlijke cellen 

verschillende typen collageen wat resulteert in variatie in kwaliteit en 

samenstelling van de verschillende producten. Vooral voor medische toepassingen 

is deze variatie een grote uitdaging omdat betrouwbaarheid en voorspelbaarheid ten 

aanzien van de eigenschappen en belangrijk kwaliteitskenmerk zijn. 

Dankzij de ontwikkeling van recombinant DNA technologie is de 

mogelijkheid ontstaan om genen te ontwerpen die coderen voor eiwitten die heel 

specifieke eigenschappen en functionaliteiten hebben. In deze proefschrift, is de 

gist Pichia pastoris gebruikt als expressie systeem voor  synthetische genen die 

coderen voor de verschillende collageen varianten. Met P. pastoris kunnen 

eenvoudig hoge celdichtheden worden bereikt  en via een methanol induceerbare 

promotor kunnen recombinant eiwitten tot hoge expressie worden gebracht. 

Bovendien beschikt P. pastoris over een efficiënt secretie mechanisme zodat de 

eiwitten intact door de gistcel kunnen worden uitgescheiden. Hierdoor kunnen de 

eiwitten relatief simpel en goedkoop tot hoge zuiverheid worden geïsoleerd . 

Onze groep heeft dit systeem al veelvuldig gebruikt voor de productie van 

collageen-geïnspireerde eiwitten bestaande uit twee triple helix vormende 

eindblokken en een lang “random coil” midden blok. Het zogenaamde tri-blok 

systeem maken gel vormende netwerken mogelijk die precies gedefinieerde 

eigenschappen hebben. Het midden blok kan zo ontworpen worden dat het 

gelvormende netwerk voorspelbare reologische eigenschappen heeft zonder dat de 
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smelt temperatuur van de triple helix eindblokken daardoor wordt beïnvloed. 

Ondanks het feit dat de smelttemperatuur (Tm 41°C)van de triple helix vorm van 

deze eiwitten aanzienlijk hoger is dan de cultivatie temperatuur (30°C) van P. 

pastoris werden deze eiwitten normaal uitgescheiden zonder dat daarbij triple helix 

vorming optrad. Deze positieve resultaten opende de weg naar het ontwerp van 

nieuwe tri-blok eiwitpolymeren waarbij de lengte van de eindblokken werd 

gevarieerd en daarmee naar verwachting de smelttemperatuur. 

In Hoofdstuk 2, wordt aangetoond dat verlenging van de op collageen 

gelijkende eindblokken van (Pro-Gly-Pro)9 naar (Pro-Gly-Pro)16 resulteert in een 

aanmerkelijk lager opbrengst van het uitgescheiden eiwit en gedeeltelijke afbraak 

van het eiwit door het protease Yapsin 1. Dit resultaat kan mogelijk verklaard 

worden uit i) noodzaak van hogere prolyl-tRNA beschikbaarheid, ii) toegenomen 

hydrofobiciteit van het eiwit leidt tot meer hydrofobe interacties, iii) de gistcel is 

niet in staat om gevormde stabiele triple helix structuren (Tm van 74°C) te 

verwerken. Met een eiwit waarvan de eindblokken wat betreft 

aminozuursamenstelling identiek is aan bovengenoemd eiwit werd een normale 

opbrengst en secretie van het eiwit gevonden. Hieruit hebben we geconcludeerd dat 

bij het eiwit met collageenachtige eindblokken intracellulaire triple helix vorming 

optreedt wat secretie van het eiwit door de gistcel van het eiwit verhinderd. 

Gebruik van een Yapsin (protease) mutant van gist resulteerde in secretie van een 

intact eiwit product, de opbrengst was alleen nog veel lager dan voor de eiwitten 

met de kortere collageenachtige eindblokken. Om te bepalen waar het probleem 

zich voordoet in de uitscheiding van het eiwit zijn P. pastoris cellen nader 

onderzocht. 

In Hoofdstuk 3, is elektronen microscopie uitgevoerd aan gist cellen om te 

zien waar triple helix vorming van de collageen achtige eiwitten zich voordoet. 

Expansie van het endoplasmatische reticulum (ER) en vorming van membraan 

vesicles werden alleen waargenomen wanneer triple helix vormende eiwitten met 

een hoge smelttemperatuur tot expressie werden gebracht in P.pastoris. De 
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aanwezigheid van extra organellen kan het resultaat zijn van eiwit aggregatie ten 

gevolge van triple helix vorming of vergroting van ER volume is een poging van 

de cel om eiwit aggregatie te verminderen. Dit resultaat is een aanwijzing dat triple 

helix vorming vermeden moet worden om efficiënte secretie opbrengsten van deze 

eiwitten te realiseren. 

In Hoofdstuk 4, hebben we laten zien dat de thermo-mechanische stabiliteit 

van de triple helix structuren gericht veranderd kunnen worden de lengte van (Pro-

Gly-Pro) eindblokken te variëren. Een verhoging van de Tm van deze op collageen 

gebaseerde eiwitten ontstaat door een toename van het aantal waterstofbruggen. 

Alle door ons bestudeerde tri-blok co-polymeren (eiwitten) vormen stabiele hydro-

gelen en toenemende lengte van de eind-blokken resulteert in een hogere stabiliteit 

tijdens mechanische stress. De variatie in thermostabiliteit kan verklaard worden 

uit een eenvoudige lineaire relatie tussen lengte van de eind blokken en de vrije 

energie van helix vorming. Een vergelijking met triple helices gevormd uit “vrije” 

(Pro-Gly-Pro)n peptiden suggereert dat de relatie tussen lengte en helix vorming 

niet wordt beïnvloed door samenstelling van de midden-blokken. Voor het gebruik 

van P.pastoris als “fabriek” voor de productie van deze eiwitten is duidelijk 

aangetoond dat, naar mate de thermostabiliteit van de triple helix toeneemt, de 

productie afneemt.   

In Hoofdstuk 5 heb ik laten zien dat denatureerde SDS-PAGE gelen 

gebruikt kunnen worden om vorming van supramoleculaire structuren van op 

collageen gebaseerde eiwitten aan te tonen. Tijdens het ontkleuringsproces van de 

gel zullen eiwitten die geen triple helix kunnen vormen uit de acrylamide gel 

diffunderen, terwijl triple helix vormende eiwitten na overnacht ontkleuring nog 

steeds zichtbaar zijn in de SDS-PAGE gel. Verder is aangetoond dat eiwitten die 

een triple helix vormen met een hogere thermostabiliteit langzamer uit de gel 

diffunderen.  

Tijdens dit onderzoek is op verschillende manieren geprobeerd om de 

secretie opbrengst te vergroten van op collageen gelijkende eiwitten met een hoge 
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thermostabiliteit. Resultaten van deze experimenten hebben nieuwe inzichten 

gegeven over de wijze waarop P. pastoris als fabriek voor de productie van op 

collageen gelijkende eiwitten kan worden gebruikt. Experimenten voor dit verdere 

onderzoek worden in meer detail besproken in Hoofdstuk 6. 
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