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Abstract 

Based on its structural role and compatibility within the human body, collagen is a 

commonly used biomaterial in medical applications, such as cosmetic surgery, wound 

treatment and tissue engineering. Gelatin is in essence denatured and partly degraded 

collagen and is, as a result of its unique functional and chemical properties, also used in 

many medical and pharmaceutical products. Collagen and gelatin are traditionally 

extracted from animal tissues. The quality and the characteristics of the proteins are not 

very reproducible in today's batch-to-batch production processes and recently, potential 

contamination of collagen and gelatin with viruses and prions (causing the mad cow 

disease, BSE) became a matter of concern. BSE is thought to cause a new variety of the 

brain-wasting Creutzfeldt-Jacob disease in humans. 

Recombinant DNA technology may provide safe collagen and gelatins from 

which the quality and characteristics can precisely be controlled and reproduced and, in 

addition, opens up possibilities for novel functional "tailor-made" proteins. For the 

heterologous production of animal proteins yeasts are frequently used. Since yeasts are 

eukaryotes, most translational modification, needed for functionality and stability of 

recombinant animal proteins, normally occur. However prolyl 4-hydroxylation, essential 

for gelling properties of recombinant gelatin and thermal stability of recombinant 

collagen, is generally considered to be absent in yeast systems. 

In this study we explored the methylotrophic yeasts Hansenula polymorpha and 

Pichia pastoris for their use as recombinant production systems of natural and "tailor-

made" gelatins and human collagen. We found that both yeasts are well able to cope with 

the repetitive gene sequences encoding animal gelatin and human collagen and showed 

that P. pastoris can produce synthetic gelatins with highly hydrophilic properties at high 

levels. Furthermore, it was discovered that H. polymorpha unexpectedly produced 

endogenous collagen-like proteins with 4-hydroxyproline amino acid residues. This 

finding indicated that the yeast H. polymorpha, in contrast to what was generally 

believed, must contain intrinsic proly 4-hydroxyase activity. Indeed, expression of 

murine gelatin in H. polymorpha yielded a hydroxylated product. 

We also investigated if//, polymorpha could be used for the production of 

recombinant human collagen. Intact human collagen trimers were obtained but they 



were not stable at temperatures higher than 15 °C, indicating that hydroxylation in the 

product was poor. 

In the course of this study we found putative prolyl 4-hydroxylase genes in 

different eukaryotic microbial systems. In the future these genes may be used to further 

develop yeasts into cell factories for the production of animal gelatins and thermally 

stable human collagens. 
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Chapter 1 

General introduction 

Abstract 

This first chapter gives background information on the separate parts of this 

dissertation entitled "Recombinant gelatin and collagen from methylotrophic 

yeasts". It starts with a description of what collagens and gelatins are, how these 

proteins are produced, for which applications these proteins are presently used 

and why recombinant production of gelatin and collagen is desirable. 

Subsequent, an introduction is given in methylotrophic yeasts and how these 

organisms can be modified to use them as cell factories for the production of 

recombinant proteins. Finally, in the end of this chapter the objectives of this 

thesis are described. 
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1.1 Collagens 

The collagens, a family of extracellular matrix proteins, are the most abundant 

proteins in mammals accounting for up to 30 % of all proteins. To date 21 different 

types of collagens have been identified (Fitzgerald and Bateman, 2001). The most 

commonly occurring collagens are Type I, II and III, which form characteristic fibrils 

of up to several millimeters in length. These fibrils are the basis of connective tissues 

such as bone, tendon, skin, cartilage and blood vessels. The basic structure of fibrillar 

collagen is three individual polypeptide chains (a-chains), which form a triple helical 

molecule. The characteristic a-chain consists of G-X1-X2 amino acid repeats, where 

XI and X2 can be any amino acid but are frequently the imino acids proline and 4-

hydroxyproline, respectively (Kielty et ah, 1993, Prockop and Kivirikko, 1995). 

The synthesis of the aminoacid hydroxyproline from proline is unique in that the 

reaction occurs after the proline has been incorporated into the protein. Prolyl hydroxylase, 

which catalyses this post-translational modification, is considered a dioxygenase because one 

oxygen atom is incorporated into proline to form hydroxyproline, while the second oxygen 

atom is used to convert a-ketogluterate to succinate. Ferrous iron and ascorbate (Vitamin C) 

are required as cofactors, but do not participate directly in the redox reaction (Kivirikko and 

Myllyla, 1982) (Fig. 1.1). 

0 CO, 

Proline „ . ,,„,„,,,,„„„,„ 4-Hydroxyproline 
(in polypeptide) a-Ketogluterate (in polypeptide) 

Figure 1.1. Prolyl 4-hydroxylase(P4H) uses molecular oxygen for the addition of one oxygen to a 

peptide-boundproline to form 4-hydroxyproline, while the second oxygen is used to convert a-

ketogluterate to succinate. Ferrous iron and ascorbate are required as co-factors. 
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1.2 Collagen biosynthesis 

The biosynthesis of collagens by animal fibroblasts is a complex process involving a 

number of different post-translational modifications, including glycosylation, 

disulphide-bond formation and lysyl- and prolyl-hydroxylation. Prolyl-hydroxylation 

of specifically the prolines in the X2 position to 4-hydroxyprolines is performed in the 

endoplasmic reticulum of the cells by prolyl 4-hydroxylase (EC 1.14.11.2). This 

reaction is essential for the formation of thermostable triple helices (Kivirikko et al., 

1992). 

Collagen is synthesized as depicted schematically in Fig. 1.2. Collagen a-

chains are synthesized as presursor pro a-chains (procollagens), containing globular N 

and C propeptides. As the procollagen is co-translationally translocated across the 

membrane of the endoplasmic reticulum, hydroxylation of proline residues occurs, 

specifically at the X2 position within the G-X1-X2 repeats. Once the polypeptide 

chain is fully translocated into the lumen of the endoplasmic reticulum the C 

propeptide folds (Kielty et al, 1993). 

The C propeptides play a crucial role in the inter-molecular recognition and 

alignment of the individual triple helix-constituting procollagen chains. The formation 

of the triple helix in newly synthesized procollagen molecules is known to proceed in 

a zipper-like manner from the C- to the N-terminus (Bruckner et al., 1978). After 

assembly, the propeptides keep the triple helical procollagen soluble during its 

passage through the cell. After secretion, the procollagen is processed by specific 

extracellular proteases, to yield trimeric collagen, free of N and C propeptides (Fig. 

1.2), which starts to assemble fibrils. 
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N pro helical domain 
(a-chain) 

C pro 

XI 

XI 

Figure 1.2. Collagen biosynthesis by fibroblasts; collagen is synthesized as procollagen 

subunits. After prolyl 4-hydroxylation (P4H) and pro-peptide mediated alignment, the helix-

forming domains of the three subunits fold into a triple helix. After secretion, the propeptides 

are cleaved of by specific proteinases to yield trimeric collagen, which subsequent self-

assembles into fibrils. After assembly covalent interchain crosslinks are formed in the course 

of time, which results in strength and stability of the matrix. 
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Fibril-forming collagens consist of one large central, triple helical domain 

flanked by short non-helical telo-peptides, which seem to ensure correct registration 

of the collagen molecules for self-assembly into well ordered fibrils (Leibovich and 

Weiss, 1970). However, a recent study indicates that this role is only seen in the 

kinetics of the process, as molecules lacking their entire telo-peptides form fibrils that 

are identical to those formed by full-length molecules (Nokelainen et ah, 2001). After 

self-assembly of collagen molecules into fibrils covalent interchain crosslinks are 

formed in the course of time, which results in strength and stability of the connective 

tissue matrices. 

1.3 Applications of collagens 

Based on its structural role and compatibility within the body, collagen is a commonly 

used biomaterial in medical applications, such as cosmetic surgery, tissue engineering 

and wound treatment (Lee et al, 2001). Collagen is regarded as one of the most useful 

biomaterials, due to its biological characteristics such as biodegradability, weak anti-

genecity and superior biocompatibility compared to other natural polymers. Human 

collagen, which is isolated from the human placenta, does not find wide application, 

because of the low availability of the source and the possible presence of disease-

causing agents (e.g. human immunodeficiency virus). As a result of this, bovine 

collagen is used as a substitute for human collagen. The supply of bovine collagen, 

extracted from cowhides and tendons, is both abundant and inexpensive. However, 

bovine collagen can cause an inflammatory reaction in some people. Furthermore, 

concern has been raised about the potential contamination risk of bovine collagen 

with prions (bovine spongiform encephalopathy (BSE)), possibly causing the new 

variety of Creutzfeldt-Jakob disease in humans. As a result of this, efforts are 

increasing to develop an efficient and safe alternative (non-animal) production system 

of recombinant human collagen. In this thesis we describe routes to the production of 

human collagen by yeast systems. 
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1.4 Application of gelatin 

Gelatin is denatured and partly degraded collagen, extracted from lime- or acid-

treated bovine bones and skin (Fig. 1.3) (Asghar and Henrickson, 1982). Gelatin has 

unique physical and biological properties due to its repeating amino acid triplets of its 

collagen ancestor. These sequences are responsible for its ability to form helical 

regions in and between gelatin chains, thereby immobilising water. This results in the 

formation in a thermo-reversible gel (Fig. 1.3). Because of its gel-forming properties, 

its high water binding capacity and its retardation of ice- and sugar crystal formation, 

gelatin is widely used as a gelling agent in food substances (desserts, sweets, 

puddings, beverages, soups, etc.). Gelatin formulations are also used for the treatment 

of rheumatoid arthritis (Arborelius et ah, 1999). Gelatin is normally not allergenic and 

is used in various medical and pharmaceutical products such as intravenous infusions 

(Saddler and Horsey, 1987), matrix implants (Pollack, 1990), (injectable) drug 

delivery microspheres / capsules (Rao, 1995), vaccine / drug stabilisers and blood 

plasma expanders. Furthermore, gelatin finds its application in photographic industry 

as a film matrix material (Courts, 1980). 

Despite its wide use, the suitability of traditional gelatin for some applications 

is limited. The above mentioned gelatin extraction procedure of traditional gelatins 

results in chemically modified peptide fragments, covering a wide range of molecular 

weights, which are not reproducible in today's batch-to-batch production processes. 

Recombinant gelatins may provide benefits in that the chemical composition and 

molecular weight can be precisely controlled and reproduced. Besides this, the mono-

disperse gelatins, produced in a non-animal expression system does not bear the risk 

of associated infectious diseases such as BSE and viruses. Finally, for certain 

technical applications it would be beneficial to have gelatins with certain specific 

physico-chemical properties. When a suitable recombinant production system exists, 

these "tailor-made" gelatins, specially designed for a certain application, can be 

produced in large amounts. 
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fibril in bone 

ossein 

limed ossein 

jy 

z®m~l 
hot gelatin 

gelatin gel 

Figure 1.3. Schematic presentation of the gelatin preparation process from animal bones. After 

HCl-mediated decalcification, the obtained ossein is treated at extreme high pH to cleave the 

covalent cross-links between the separate collagen chains. When the material is subsequently 

heated, the denatured polypeptides lose their triple helical alignment and become soluble into hot 

water. Upon cooling, multiple helix variants are formed, which results in a thermo-reversible ID-

network of a gel. 
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In this thesis we are exploring the suitability of two different yeast systems for the 

recombinant production of "natural" and "tailor-made" gelatins. 

1.5 Recombinant protein production in yeasts 

For the production of heterologous animal proteins yeasts offer certain advantages 

over bacteria. Since yeasts are eukaryotes most post-translational modifications, such 

as glycosylation, phosphorylation and formation of disulfide bonds, needed for 

functionality and/or stability of recombinant animal proteins, normally occur. 

However, prolyl 4-hydroxylation, essential for recombinant gelatin and collagen 

production, is generally considered to be absent in yeast systems (Kivirikko et al., 

1992, Bulleid et al., 2000, Olsen et al., 2001). 

Yeasts can secrete proteins efficiently, which facilitates the isolation of the 

desired heterologous proteins and are well able to cope with highly repetitive coding 

sequences (Strausberg and Link, 1990), which is important in recombinant gelatin and 

collagen expression. In addition yeast, as an unicellular micro organism, retains the 

advantages of a bacterial system in the ease of manipulation and growth. 

Saccharomyces cerevisiae (Baker's yeast), from which the complete genome is 

known nowadays (Mewes et al., 1997), was the first yeast being explored for the 

purpose of heterologous gene expression. Although there are some successful 

applications, the S. cerevisiae system shows some limitations (Romanos et al., 1992, 

Sudbery et al., 1996). These include, amongst others, instability of the production 

strains and undesired hyper-glycosylation of the secreted proteins. Furthermore, the 

yield of recombinant proteins is low in this system, because of the lack of strong 

promoters and relatively low cell densities during S. cerevisiae fermentations. 
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1.6 Methylotrophic yeasts 

Methylotrophic yeasts are suitable alternative expression hosts, which exhibit some 

advantages over S. cerevisiae in above-mentioned aspects (Tschopp and Cregg, 1991, 

Sreekrishna and Kropp, 1996, Hollenberg and Gellissen, 1997, Gellissen, 2000, van 

Dijk et ah, 2000). Methylotrophic yeasts are able to utilise methanol as its sole carbon 

and energy source. All strains identified to date belong to only four genera: 

Hansenula, Pichia, Candida and Torulopsis, which can subsequently be divided into 

two groups: the asporogenous yeasts Candida and Torulopsis and the ascomycetous 

yeasts Hansenula and Pichia. The methylotrophic yeasts, which are isolated from soil, 

rotten fruits and the gut of insects, were initially considered to be good candidates for 

the production of single cell protein (SCP) from cheap carbon sources, like methanol. 

Advanced fermentation systems have been developed for these yeasts for the 

production of SCP from methanol. Studies on their physiology, biochemistry and 

ultra-structure revealed that these organisms share a specific methanol utilisation 

pathway (Egli et al., 1980, van Dijken et ah, 1982, Veenhuis et ah, 1983). Methanol 

is oxidised to formaldehyde and hydrogen peroxide by alcohol oxidases (MOX and 

AOX1/AOX2 for//, polymorpha and P.pastoris, respectively), which are localised in 

specialised microbodies, the peroxisomes. In these organelles also catalase (CAT) is 

present, which decomposes the hydrogen peroxide into water and oxygen. The first 

step in the assimilatory (xylulose 5-phosphate) pathway to yield biomass is catalysed 

by dihydroxyacetone synthase (DAS), which is also present in the peroxisome. 

Formaldehyde generated by the alcohol oxidase reaction also enters the cytosolic 

dissimilarory pathway, via formaldehyde dehydrogenase (FLD) and formate 

dehydrogenase (FMD), to generate energy (Fig. 1.4). 
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Figure 1. 4. Methanol utilization pathway; 1 Methanol is oxidized by alcohol oxidases (MOXfor 

H. polymorpha (H.p.), AOX1 andAOX2for P. pastoris (P.p)) to generate formaldehyde and 

hydrogen peroxide. 2 The toxic hydrogen peroxide is converted to water and oxygen by catalase 

(CAT) 3 and 4 Formaldehyde generated by the alcohol oxidase reaction enters the cytosolic 

dissimilatory pathway, via formaldehyde dehydrogenase (FLD) and formate dehydrogenase 

(FMD), yielding energy and carbon dioxide. 5 For assimilation the formaldehyde reacts with 

xylulose- 5 phosphate (Xu5P) by the action of dihydroxyacetone synthase (DAS) to generate the 

C3 compounds glyceraldehyde -3- phosphate (GAP) and dihydroxyacetone (DHA). 6 DHA is 

phosphorylated by dihydroxyacetone kinase to dihydroxyacetone phosphate (DHAP). 7 GAP and 

DHAP yield in an aldolase reaction fructose 1,6 biphosphate (FBP). 8 In further steps fructose 6-

phosphate (F6P) and finally Xu5P is generated to enter the pathway again. 

A striking feature of methanol-grown yeast is the excessive proliferation of the 

peroxisomes (Fig. 1.5). In methanol-limited continuous cultures the organelles can 

occupy up to 80 % of the total cell volume. In such cells alcohol oxidase and DAS 

may constitute over 60 % of the total cell protein, which illustrate that the genes 

encoding these proteins are controlled by very strong promoters. Also, the expression 

of the genes encoding FLD and FMD are under the control of strong inducible 

10 
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promoters. All of these promoters represent suitable genetic components that can be 

applicable for the control of inducible heterologous gene expression in systems based 

on the respective methylotrophic hosts. 

Figure I. 5. Micrograph ofH. polymorpha 

wild-type cell, grown on methanol containing 

medium, showing two peroxisomes (P). Bar 

represents 0.5 pm. (Kindly provided by 

Professor Marten Veenhuis, University of 

Groningen, the Netherlands). 

Other promoters (aside from those derived from methanol metabolism genes) 

can also be utilised for constitutive recombinant gene expression in the various 

methylotrophic yeast species. Typical examples of these promoters are Pgap 

(glyceraldehyde 3-phosphate dehydrogenase, Waterham et al., 1997), Ptefl 

(transcription elongation factor, Kiel et al., manuscript in preparation) and Ppmal 

(H+-pumping ATPase, Cox et al., 2000). 

From all methylotrophic yeasts, H. polymorpha and P. pastoris have been 

studied most intensively. During the last decade molecular genetic methods have been 

developed for both organisms. The ability to modify H. polymorpha and P. pastoris at 

the molecular level has enabled basic, fundamental studies (unraveling the molecular 

mechanisms controlling the biogenesis of a specific cell organel, the peroxisome) as 

well as applied research (using the organisms as a host for the production of 

recombinant proteins). 

11 
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In this PhD study a comparison is drawn between H. polymorpha and P. 

pastoris with respect to recombinant gelatin and collagen expression. Therefore in the 

following part, the tools are described to genetically modify H. polymorpha and P. 

pastoris in order to use them as cell-factories, we note the differences between both 

organisms and focus on the recent developments in the field of recombinant gene 

expression in the two yeasts. 

1.7 Molecular biology 

Expression vectors are designed for recombinant protein expression in H. polymorpha 

(Fig. 1.6) and P. pastoris (Fig. 1.7), which have several common features. The 

expression cassette is one of those and is composed of a strong (methanol inducible) 

H. polymorpha or P.pastoris promoter (Pmox and Paoxl for vectors pHIPX4 and 

pPic9, repectively). The cassette is followed by one ore more unique restriction sites 

for insertion of a heterologous gene, succeeded by the transcriptional termination 

sequence from a H. polymorpha or P. pastoris gene 

(Tamo and laoxl, respectively), which directs efficient 3' processing and poly-

adenylation of the foreign mRNA. Vectors also include an auxotrophic marker gene 

(LEU21HIS4, respectively), or a dominant drug resistance marker gene for the 

selection of transformants. Because Escherichia coli is used plasmid amplification, 

the vectors also contain sequences required for plasmid replication and maintenance 

in E. coli (i.e. a replication origin and an antibiotic resistance gene). 

12 
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Figure 1. 6. Plasmid map ofE. coli- H. 
polymorpha shuttle vector pHIPX4 (Gietl et 
al.,1994) The expression vector contains the 
methanol oxidase (MOX) promoter (Pmox) / 
amino oxidase (AMO) terminator (Tamo) cassette 
and a LEU2 selectable marker. Furthermore the 
vector contains sequences required for plasmid 
replication and maintenance in E. coli (i.e. an 
origin of replication (Ori) and a kanamycin 
resistance gene (Kan)). 

Figure 1. 7. Plasmid map ofE. coli- P.pastoris 
shuttle vectorpPic9 (Clare et ah, 1991b). The 
expression vector contains the alcohol oxidase 1 
(AOX1) promoter (Paoxl) I terminator (Taoxl) 
cassette and a H1S4 selectable marker. For secretion 
of the recombinant product, the foreign gene is fused 
to theprepro leader region from the S. cerevisiae a-
mating factor (S). Furthermore, the vector contains 
sequences required for plasmid replication and 
maintenance in E. coli (i.e. an origin of replication 
(Ori) and an ampicillin resistance gene (Amp)). 

13 
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Transformation procedures for introducing foreign DNA into H. polymorpha 

and P. pastoris are similar to what is described for other yeasts, including S. 

cerevisiae. They can be transformed using whole-cell methods with addition of PEG 

(Dohmen et al., 1991), or by electroporation (Becker and Guarente, 1991, Faber et 

ah, 1994). Prior to transformation, the expression vectors are linearized by restriction 

enzymes in the Ymox, and in the Paoxl or HIS4 for pHIPX4 and pPIC9 respectively. 

This enhances the integration of the plasmid DNA at the homologous locus in the 

genome of//, polymorpha and P. pastoris (in the MOX-locus and the AOX1- or 

HIS4-\oc\xs, respectively), generating stable transformants. In most recombinant H. 

polymorpha strains foreign DNA is randomly integrated using HARS (//. 

polymorpha autonomously replicating sequence)-harboring circular plasmids, 

resulting in a variety of individual, mitotically stable strains containing single to 

multiple copies of the expression cassette (Faber et ah, 1992, Sohn et al., 1996). 

In recombination of P. pastoris, linear DNA can also generate stable 

transformants via a double crossover event between the AOX1 promoter and the 3' 

AOX1 region of the vector (Fig. 1.6) and the genome. This transplacement of the 

AOX1 gene yields a phenotype that grows slowly on methanol (Muts) caused by the 

loss of alcohol oxidase activity, because this strain is dependent on the 

transcripitionally weaker ̂ 4(2X2 gene (Cregg et al., 1989). This phenotype may give 

higher intracellular production of heterologous proteins than the Mut+ phenotype, 

which has functional AOX1 and AOX2 genes and grows on methanol at wild-type rate. 

Selection of P. pastoris transformants is made by complementation of auxotrophic 

marker genes, such as ADE1, URA3, ARG4 or HIS4, in the corresponding mutant 

strains, which are deficient in adenine, uracil, arginine or histidine biosynthesis, 

respectively (Higgins and Cregg, 1998). A collection of all possible combinations of 

mutant marker genes with corresponding mutant strains is presented by Cereghino et 

al, 2001. This in order to design multi-gene systems for the production of foreign 

proteins that are heteromers, or that require a post-translational modification that is 

not or insufficient present in P. pastoris. For H. polymorpha the auxotrophic markers 

URA3 and LEU2 are present in combination with the respective uracil and leucine 

14 



Recombinant gelatin and collagen from methylotrophic yeasts 

deficient H. polymorpha strains. A screening method has been developed for selecting 

multicopy integrants in both organisms making use of zeocin or G418 resistance 

(Scorer et al., 1994, Sohn et al., 1999). The level of resistance of the strain to these 

antibiotics appeared to be proportional to the number of plasmids integrated in the 

genome. 

Recombinant proteins produced by both expression systems can be 

accumulated in the cytosol, or secreted into the culture medium. For secretion of the 

proteins in H. polymorpha and P.pastoris the signal sequence of the S. cerevisiae a-

factor mating pheromone is frequently used. In some cases, secretion of heterologous 

proteins can also be driven by their own, heterologous signal sequence (see Chapter 

2). Both H. polymorpha and P. pastoris grow on simple mineral media to very high 

cell-densities and do not secrete high amounts of endogenous proteins. Therefore the 

recombinant protein, when secreted, can be recovered from the culture medium in a 

relatively pure state (80-90 %). The tendency to hyper-glycosylate secreted proteins in 

methylotrophic yeasts is usually less in methylotrophic yeast than in 5*. cerevisiae. 

However, examples of hyper-glycosylated heterologous proteins have been described 

for both P. pastoris (Scorer et ah, 1993, Letourneur et al., 2001) and H. polymorpha 

(Fellinger et al., 1991). Glycosylation, or proteolytic degradation of foreign proteins 

may be prevented by targeting of the proteins into the peroxisomes of the yeasts. 

These microbodies can also be used as a storage compartment of cell-toxic proteins 

(Subramani, 1992, Faber et al, 1996). 
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1.8 H. polymorpha versus P. pastoris 

Despite their obvious relationship and physiological similarities, there are also 

important differences between the two species. There is a difference with respect to 

the carbon-source-dependent regulation of enzyme synthesis. While P. pastoris 

AOX1 promoter activation strongly depends on the presence of methanol, high levels 

of expression in H. polymorpha have been observed using the MOX promoter with 

glycerol or glucose in limiting amounts. The ability to express foreign genes, without 

the need of adding methanol, which is a highly toxic and explosive substance, is a 

unique feature of the H. polymorpha expression system. However, the tightly 

regulated AOX1 promoter of P. pastoris may be profitable when cell-toxic proteins 

are expressed. 

H. polymorpha has some specific advantages over P. pastoris being more 

thermo-tolerant. The relatively high optimal growth temperature for H. polymorpha 

(Topt: 37-43 °C vs. 30 °C for P. pastoris) may be favourable for the production of 

mammalian (including human) proteins and, furthermore, has the advantage that it 

allows a better cooling management in large-scale fermentations. Finally, the growth 

rate of//, polymorpha is higher on methanol, which reduce both the risk of 

contamination and the fermentation time. 

H. polymorpha and P. pastoris have become highly successful systems for the 

expression of heterologous genes. More than one hundred different proteins have been 

successfully produced in P. pastoris (Higgins and Cregg, 1998). H. polymorpha 

shows the same potential for high-level expression of foreign genes, although less 

examples have been described (van Dijk et al., 2000). In Table I lists some examples 

of recombinant protein production in both expression systems. 
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Table I. Expression yields of foreign proteins in Hansenula polymorpha and Pichia pastoris. 

H.polymorpha P.pastoris g/L (mode*) Product (donor) Reference 

22.0 (I) Hydroxynitrile lyase (rubber tree) 

14.8 (S) Non hydroxylated gelatin (mouse) 

13.5 (S) Phytase (Aspergillus) 

12.0 (I) Tetanus toxin C (C. tetani) 

4.2 (I) a-galactosidase (guar) 

0.4 (S) a-galactosidase (coffee bean) 

2.0 (S) Hirudin (leech) 

1.5 (S) Hirudin (leech) 

1.3 (S) Serum albumin (human) 

4.0 (S) Serum albumin (human) 

0.2 (S) Endostatin (human) 

0.1 (I) Collagen (human) 

0.5 (I) Collagen (human) 

0.35 (S) Aprotinin (bovine) 

0.15 (S) Aprotinin (bovine) 

Hasslacher et al, 1997 

Wertene/a/., 1999 

Mayer et al., 1999 

Clare et al, 1991a 

Giuseppin et al, 1993 

Zhu etal, 1995 

Weydemann et al, 1995 

Rosefeld et al, 1996 

Kimgetal., 2001 

Sreekrishna et al, 1996 

Boehmera/., 1999 

Chapter 5 

Nokelainen et al, 2001 

Zureke<a/.,1996 

Vedvick et al, 1991 

* I = Intracellular; S = Secreted 

Table I shows that both expression systems generally produce heterologous, 

secreted proteins with yields of 0.2-15 g/L and that intracellular expression levels 

range from 0.1-22 g/L. This wide range in the expression yields may be due to the 

fermentation strategies used, the copy numbers of the heterologous gene and the 

properties of the target proteins in the individual expression machinery. 
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1.9 Aim and outline of this thesis 

The objective of the study described in this thesis is to explore the methylotrophic 

yeasts Hansenula polymorpha and Pichia pas tons for their use as recombinant 

production systems of "natural" and "tailor-made" gelatins and of human collagen. 

This, in order to develop a safe microbial production system for natural gelatin and 

human collagen in the future and to develop a production system for non-natural, 

tailor-made gelatins with entirely novel physico-chemical properties, beneficial for 

certain technical applications. In Chapter 2 a comparison is made between both 

expression systems for the production of a human a 1(1) collagen fragment. Secretion 

of the fragment was possible in H. polymorpha, using the native human collagen 

signal sequence. In Chapter 3, we showed that in P. pastoris production of non-

hydroxylated, tailor-made gelatins, with new characteristics more beneficial for a 

certain technical application, could be produced at high levels. 

Prolyl 4-hydroxylation, which is essential for the production of recombinant 

gelatin with gelling properties, was generally considered to be absent in yeast. 

However, in this study (Chapter 4) it was discovered that H. polymorpha possesses 

endogenous collagen-like sequences, containing 4-hydroxyproline. This indicated that 

this yeast must contain endogenous prolyl 4-hydroxylase activity. Expression of 

recombinant animal gelatin in this yeast yielded a secreted and hydroxylated product, 

without the need of co-expression of heterologous prolyl 4-hydroxylase genes. 

In Chapter 5, we investigated if//, polymorpha could be used for the production of 

human collagen trimers expressed. Finally, Chapter 6 presents a general discussion 

followed by a summary of the results obtained in this study. 
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Chapter 2 

Expression and secretion of human al(I)procollagen fragment by 

Hansenula polymorpha as compared to Pichia pastoris 

Eric C. de Bruin, Frits A. de Wolf and Colja Laane 

Published in: Enzyme and Microbial Technology 26: 640-644 (2000). 

Abstract 

Secretion of a fragment of the human collagen al(I) chain was achieved in 

Hansenula polymorpha using the native human al(I) procollagen secretory signal 

sequence. The N-terminal propeptide of the fragment was cleaved off during or 

after secretion, yielding the N-terminus of mature al (I) collagen. In Pichia 

pastoris transformants, the expression of the fragment could be detected on 

RNA-level, but the product could not be determined in the culture medium. 

After fusion of the fragment with a myc-HlS6 epitope, the intact product was 

found intracellularly. The difference in extracellular level of protein between the 

two expression hosts is most likely caused by difference in secretion efficiency. 
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Introduction 

Collagen, the most abundant protein found in the human body, provides structural 

support to bone, skin, tendons and blood vessels. In view of its function as a fibrillar, 

structural protein, there is a high demand of collagen and collagen-derived products 

for biomedical applications. Recently, the application of collagen from human and 

bovine sources has become subject to novel risks of contamination with disease-

causing agents such as HIV and BSE, respectively. Thus, several groups are now 

studying the heterologous expression of collagen in safer hosts (Geddis and Prockop, 

1993, Lamberg et al, 1996). For the production of heterologous eukaryotic proteins 

yeasts are frequently used (Romanos et ah, 1992, Gellissen and Hollenberg, 1997). 

Apart from Saccharomyces cerevisiae, the most successful yeasts for heterologous 

protein expression are the methylotrophic yeast species Hansenula polymorpha and 

Pichia pastoris (Hollenberg and Gellissen, 1997). In a recent study of the production 

of triple helical human collagen type III in P. pastoris the extracellular production 

yield was very low. Although the native human type III collagen signal sequence was 

used for secretion, almost all product was found inside the cell (Vuorela et al, 1997). 

To facilitate the isolation of recombinant collagen, secretion of the product is desired. 

In this study, we compared the secretion of a collagen type I (al) fragment in P. 

pastoris and H. polymorpha using the native human collagen type I (al) secretory 

signal sequence (pre-peptide). Our results show that H. polymorpha can use this 

sequence for secreting the fragment into the medium with a good yield. 

Materials and methods 

Yeast strains and plasmids 

H. polymorpha strain NCYC495 [leu 1.1 (Gleeson et al., 1986)] was used as a host for 

recombinant collagen production. The plasmid pHIPX4 (Gietl et al, 1994), contains 

the LEU2 selectable marker and an expression cassette of the methanol oxidase 

(MOX) promoter and the amino oxidase (AMO) terminator. P. pastoris strain GS115 

[his4;(Cregg et al., 1985)], ZEOCIN and the expression vector pPICZB were obtained 
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from Invitrogen (San Diego, CA, USA). pPICZB contains a ZEOCIN selectable 

resistance marker and the alcohol oxidase (AOX1) promoter/terminator cassette. For 

cloning of DNA restriction fragments, plasmid pMTL23 (Chambers et al., 1988) was 

used. Escherichia coli strain XL 1-blue (Stratagene, La Jolla, CA, USA) was used for 

vector construction. All molecular techniques were performed as described by 

Sambrook et al., 1989 or according to manufacturers protocols. 

Media composition 

Minimal glucose plates, for selection of transformants, contained 1.34 % yeast 

nitrogen base without amino acids (Difco, Detroit, MI, USA), 1% glucose and 1.5 % 

agar. Fermentation basal salts medium contained per liter: 26.7 ml of phosphoric acid 

(85 %), 0.93 g calcium sulfate dihydrate, 18.2 g potassium sulfate, 14.9 g magnesium 

sulfate heptahydrate, 4.13 g potassium hydroxide and 4.3 ml of trace elements. Trace 

elements contained per litre; 4.5 g cupric chloride dihydrate, 0.09 g potassium iodide, 

3.5 g manganese chloride tetrahydrate, 0.2 g sodium molybdate dihydrate, 0.02 g 

boric acid, 1.08 g cobalt sulfate heptahydrate, 42.3 g zinc sulfate heptahydrate, 65.0 g 

ferrous sulfate heptahydrate, 0.6 g thiamine, 0.2 g biotin and 5.0 ml sulfuric acid (96 

%). 

DNA manipulation 

A 780 bp fragment of human <xl(I) procollagen cDNA (Geddis and Prockop., 1993), 

encoding the pre-peptide, the N-terminal propeptide and a part of the helical domain, 

was cloned in pMTL23. Isolation of plasmid DNA from E. coli was performed using 

the Wizzard system (Promega, Madison, WI, USA). The fragment was digested from 

the resulting plasmid with Xho I and subsequently cloned in the Sal I site of pHIPX4 

and in the Xhol site of pPICZB. DNA fragments from agarose gels were isolated 

using the Qiaquick columns from Qiagen (Chatsworth, CA, USA). 
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Transformation ofH. polymorpha 

Transformation of//, polymopha was performed according to Faber et al., 1994. After 

growth on minimal glucose plates at 37 °C for 3 days, several colonies were selected 

for PCR confirmation. Cells were used directly for PCR without any pretreatment 

using the MOX-primer: 5'-ACCCACTGCTGTCTGTGCCTGC-3' and the AMO-

primer:5'-TGTCCTTGGTCTCCTTGTGCACG-3'. 

Transformation of P. pastoris 

P. pastoris GS115 has a nonfunctional histidinol dehydrogenase gene (HIS 4). In 

order to enable endogenous production of histidinol dehydrogenase the gene was 

complemented as described by Munshi and Lee, 1997. P. pastoris was transformed 

according to Becker and Guarente, 1991 using a GenePulser (Bio-Rad, Richmond, 

CA, USA) set at 1500 V, 25 uF and 200 Q. and using 0.2 cm cuvettes. After growth on 

minimal glucose plates with 100 ug/ml ZEOCIN at 30 °C for 3 days, several colonies 

were selected for PCR confirmation. Cells were used directly for PCR without any 

pretreatment using the commercial vector primers 5'AOXl and 3'AOXl (Invitrogen) 

Small-scale expression in shake flasks 

Transformants verified by PCR were grown overnight in buffered minimal glucose 

medium for H. polymorpha and buffered minimal glycerol medium for P. pastoris, 

harvested and resuspended in buffered minimal methanol medium. Cells were grown 

in shaking flasks for 4 days at 37 °C and 30 °C for H. polymorpha and P. pastoris, 

respectively. Methanol was added to 0.5 % every day and cell samples were taken 

daily. Using the standard hot phenol method isolated RNA of cells. Northern blot 

analysis was performed using the Dig-system (Boehringer Mannheim, Indianapolis, 

IN, USA) with the exception that glyoxal gels were used (Mc Master and Carmichal, 

1977). For western blot analysis cells were lysed by using the Y-per reagent of Pierce, 

Rockford, IL, USA. 

Productions in a bioreactor 

Fed-batch fermentation of transformants was performed in a 1-L bioreactor 

(Applikon, Schiedam, The Netherlands), essentially according to the P. pastoris 
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manual of Invitrogen. At the start of the fermentation, the fermenter contained 500 ml 

fermentation basal salts medium, to which 5g of casamino acids (Merck, Darmstadt, 

Germany) were added to reduce extracellular proteolysis (Clare et al, 1991a). Glucose 

is reported to be a repressing substrate for the MOX promoter of//, polymorpha, 

whereas glycerol is a derepressing carbon source (Mayer et al, 1999). Glycerol for P. 

pastoris instead, repress the AOX1 promoter and is mainly used as carbon source for 

biomass production during ferementation. To compare both expression systems 

properly, in the H. polymorpha fermentation glucose and in the H. polymorpha 

fermentation glycerol was used as the carbon source. In the batch phase of the H. 

polymorpha fermentation 60 g/1 glucose was used, which resulted in the same final 

wet cell weight/1 as the initial 40 g/1 glycerol used in the batch phase of the P. pastoris 

fermentation. The temperature was set at 37 °C for H. polymorpha and 30 °C for P. 

pastoris, agitation at 500 rev./min. and aeration rate at 1 vvm. The pH was adjusted to 

pH 5.0 with ammonium hydroxide (25 %). The fermenter was inoculated with 50 ml 

of a culture grown in minimal glucose medium. The batch culture was grown until the 

glucose or glycerol was completely consumed. After this, aeration and agitation were 

increased to 2 wm and 1000 rpm, respectively and a glucose or glycerol fed-batch 

phase was initiated by feeding a 50 % solution, containing 12 ml/1 trace salts at a rate 

of 10 ml/h.The pH was maintained at 5.0 by the addition of 25 % ammonium 

hydroxide. The glucose feed was stopped when the cell wet weight reached about 180 

g/1. After complete consumption of carbon-source, 5 g of casamino acids were added 

and the culture was induced by feeding 100 % methanol containing 12 ml/1 trace salts. 

The feed rate was initially set at 1 ml/h and was gradually increased to maximally 8 

ml/h. Throughout the fermentation 2 ml culture samples were taken and spun at 20 

000 X g. for 1 min., after which the wet cell pellets were weighed. The supernatants 

were filtered using disposable 0.22 um filters. 

SDS-PAGE andN-terminalprotein sequencing 

SDS-PAGE (Laemmli, 1970) was performed in a Mini PROTEAN II system (Bio-

Rad) under reducing denaturing conditions. For N-terminal protein sequencing, 

protein was blotted onto Immobilon P^Q (Millipore, Bedford, MA, USA) by applying 
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100 V for one hour in a Mini Trans-Blot Cell (Bio-Rad). Transfer buffer was 2.2 g 

CAPS per liter of 10 % methanol, pH 11. Blots were stained with Coomassie Brilliant 

Blue (CBB R-350, Pharmacia, Uppsala, Sweden) and selected bands were cut out. N-

terminal sequencing was performed using Edman degradation. 

For western blot analysis the filter was blocked with 5 % skim milk powder in 

TBST (0.1 M Tris -HCL, pH 7.5; 1.5 M NaCl; 0.1 % Tween-20) at room temperature 

for 1 h. The filter was incubated overnight with monoclonal anti-mjc antibody 

(Invitrogen; 1 : 20 000 in 1 % skim milk in TBST). The filter was washed with TBST 

and then rinsed with Lumi-Light PLUS (Boehringer Mannheim) and exposed on a 

molecular light imager. 

Results and Discussion 

Northern blot analysis 

PCR positive transformants of//, polymorpha and P. pastoris were grown for four 

days in shaking flasks containing minimal glucose and minimal glycerol medium, 

respectively, with methanol being added to 0.5 % on the second and the third day. 

Every day a sample was taken and RNA was isolated. Northern blot analysis was 

performed to examine expression on RNA-level. Methanol induced expression 

of the collagen fragment on RNA-level was shown for transformants of both P. 

pastoris (Fig. 2.1) and H. polymorpha (data not shown). The sizes of the RNA bands 

in both hosts were about 1.2 kb, which corresponded to the size of the mRNA 

expected. 
M 1 2 3 4 

Figure 2.1 Northern-blot analysis of 
•i g _ 4MB the RNA isolated from the P. pastoris 

transformant containing the collagen 
1 5 - <mmt type I cDNA fragment in the AOX1 

promoter/terminator expression 
1.3- aav cassette. Lane M: RNA markers (Life 

«tH M Technologies, Rockville, MD, USA). 
W Lane 1: growth on glycerol. Lane 2: 

after one day of methanol induction. 
D P. ! _ • > • Lane 3: after two days on methanol. 

Lane 4: after three days on methanol. 

0.5- ' 
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Expression of human al (I) procollagen chain fragment 

H. polymorpha and P. pastoris transformants expressing the collagen fragment on 

RNA-level were grown in a bioreactor as described in the material and method 

section. Protein production in the supernatant was followed in time by SDS-PAGE 

analysis (Fig. 2.2). 

175- ffr-
83- "•* 
67- f 

47.5- f> 

32.5- *» 

25 - f, 

16.5-j"l 

6-5-fc 
• / 

Figure 2.2. SDS-PAGE analysis of extracellular proteins produced in the fermentation broth of the H. 

polymorpha transformant containing the collagen type I cDNA fragment in the MOXpromoter/ AMO 

terminator expression cassette. Lane M: pre-stained markers (Biolabs, Northbrook, 1L, USA). Lane 1-

3: 10 fil of culture supernatant before methanol induction, harvested after 12, 18 and 24 hours of 

fermentation, respectively Lane 4-6: 10 fil of culture supernatant after methanol induction, harvested 

after 36, 42 and 48 hours of fermentation, respectively. P: 14-kDa collagen product. 

A protein with an apparent weight of 14 kDa on SDS-PAGE was secreted after 

methanol induction of the H. polymorpha transformant. The product was not purified, 

but the quantity was estimated by SDS-PAGE, using recombinant gelatin as a 

reference (Werten et al., 1999) The estimated production level was 0.6 g/L in the 

clarified fermentation broth. 
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The size of the protein corresponds to the size of the helical part of the 

collagen fragment without the N- terminal propeptide attached. Lysis of cells in the 

bioreactor could be excluded, because the methanol oxidase, which is the most 

abundant protein inside the cell, was not found extracellularly in high amounts. This 

was in agreement with microscopic observations. 

In H. polymorpha cells lysed with the Y-per reagent, the collagen product 

could not be detected by SDS-PAGE with CBB staining. Accumulation to high 

intracellular concentrations did not occur as far as could be deduced from the protein 

gel. Thus, it can be concluded that efficient secretion of a collagen chain fragment can 

be obtained with H. polymorpha by using the native human a 1(1) collagen secretory 

signal. 

During fermentation of a P. pastoris transformant, extracellular collagen 

production could not be determined by SDS-PAGE with CBB or silver staining. 

Extracellular degradation could be excluded based on earlier studies (Werten et al., 

1999). Probably, the product remains inside the cell. 

To detect the product inside the cell the a 1(1) collagen fragment was C-

terminally tagged with a myc-HlS6 epitope. After small-scale expression and lysis of 

the P. pastoris cells, western blot analysis was performed (Figure 2.3). 

1 2 3 4 5 6 M 
Figure 2.3. Western blot -83 
analysis of intracellular -62 
proteins of a P. pastoris -47.5 
transformant, containing the 
al(I) collagen cDNA ___ -32.5 
fragment fused to a myc-HIS6 
epitope. Lane 1: Intracellular „ 
proteins before methanol 
induction. Lane 2-5: 
Intracellular proteins after 
1,2,3 and 4 days of methanol 
induction. Lane 6: Culture 
medium after 4 days o) 
methanol induction. Lane M: 
Prestained markers (Biolabs). 

-16.5 

-6.5 
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After methanol induction the wye-antibody reacts with a 30 kDa protein 

intracellular protein (Lane 2-5). The size of this protein corresponds to the size of the 

intact a 1(1) procollagen fragment. The quantity of the intracellular protein was not 

determined. Before methanol induction the intracellular product could not be detected 

(Lane 1). In the culture medium the /wye-antibody did not react (Lane 6). Most likely, 

the native human a 1(1) procollagen secretory signal sequence does not work for P. 

pastoris. 

N-terminal sequencing 

N-terminal sequencing of the 14 kDa product in the fermentation medium of 

H. polymorpha yielded the sequence STGGISVPGPMG. This amino acid sequence 

corresponds to the N telopeptide, which is start of the helical domain of the collagen 

chain. Apparently, the N-terminal propeptide is cleaved off by an endogenous 

protease of H. polymorpha during, or after secretion. H. polymorpha can use the 

leader sequence (pre-peptide) of human a 1(1) procollagen for secreting the 

recombinant <xl(I) collagen fragment. 

Surprisingly, we found only a difference of nine amino acid residues between 

the N-terminus of the produced <xl (I) collagen fragment and the N-terminus of non -

recombinant, mature human <xl (I) collagen. From the latter the N propeptide is 

cleaved off by a specific extracellular procollagen N-proteinase (EC.3.4.24.14) 

(Colige etal., 1995). 

Conclusion 

The present data indicate that H. polymorpha can secrete a recombinant human <xl (I) 

collagen fragment at a level of about 0.6 g/L by using the native human collagen pre-

peptide and N-terminal propeptide. However, the human collagen pre-pro sequence 

could not be used to obtain secretion of recombinant collagen in P. pastoris. We have 

recently shown that secretion of animal type I gelatins can be obtained in P. pastoris 

by using the S. cerevisiae a-mating factor prepro-signal, resulting in production levels 

of 2-3 g/L in the clarified broth (Werten et al, 1999). 
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As expected amino acid analysis revealed that proline residues in the collagen 

product were not hydroxylated to hydroxyproline (data not shown). For production of 

triple helical collagens, hydroxylation of proline residues to hydroxyproline is 

essential. Because yeasts do not seem to contain prolyl hydroxylase activity, co-

expression of a human prolyl 4-hydroxylase is needed to produce recombinant triple 

helical collagen. 

Future studies are ongoing to evaluate the suitability ofH. polymorpha for the 

secreted production of full-length, triple helical collagen type I. 
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Chapter 3 

Secreted production of a custom-designed, highly 
hydrophilic gelatin in Pichia pastoris 

Marc W.T. Werten, Wouter H. Wisselink, Tanja J. Jansen-van den Bosch, 

Eric C. de Bruin and Frits A. de Wolf 

Published in: Protein Engineering 14: 447-454 (2001). 

Abstract 

A custom-designed, highly hydrophilic gelatin was produced in Pichia pastoris. 

Secreted production levels in single-copy transformants were in the range of 3-6 

g/1 of clarified broth and purification to near homogeneity could be accomplished 

by differential ammonium sulfate precipitation. Despite the fact that gelatins are 

highly susceptible to proteolysis because of their unfolded structure, the 

recombinant protein was shown to be fully intact by SDS-PAGE, N-terminal 

sequencing, gel filtration chromatography and mass spectrometry. Owing to its 

highly hydrophilic nature, the migration of the synthetic gelatin in SDS-PAGE 

was severely delayed. Esterification of the carboxylic amino acid side chains 

resulted in normal migration. The high polarity of the synthetic gelatin also 

accounts for its negligible surface activity in water at concentrations up to 5% 

(w/v), as determined by tensiometry. Circular dichroism spectrometry showed 

that the non-hydroxylated gelatin did not form triple-helices at 4 °C. The 

spectrum was even more representative of the random coil conformation than 

the spectrum of natural non-hydroxylated gelatin. 
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Introduction 

Gelatin, in essence denatured and partially degraded collagen, is traditionally prepared 

by hot acid or alkaline extraction of animal bones and hides. Apart from its main use 

as a gelling agent in food (Asghar and Henrickson, 1982), gelatin is also used in 

medical and industrial applications such as intravenous infusions (Saddler and 

Horsey, 1987), matrix implants (Pollack, 1990), injectable drug delivery microspheres 

(Rao, 1995) and photographic film (Courts, 1980). Despite the diversity of current 

uses of natural gelatin, recombinant gelatins may provide benefits for specific 

applications, in that the chemical composition and molecular weight can be precisely 

controlled and reproduced (van Heerde et al., 1999; de Wolfe? al, 2000). 

Furthermore, recombinant gelatins do not bear the risk of associated infectious 

diseases such as bovine spongiform encephalopathy (BSE). 

Several reports have described the production of recombinant gelatin-like 

proteins in Escherichia coli. Analogously to the natural amino acid sequence of the 

collagen triple-helix forming domain, synthetic genes are constructed from repeating 

(Gly-Xaa-Yaa)n-encoding oligonucleotides, where Xaa and Yaa are often proline 

(Goldberg et al, 1989; Obrecht et al., 1991; Gardner et al., 1993; Cappello and 

Ferrari, 1994). Gene instability problems are commonly observed with such highly 

repetitive genes (Capello and Ferrari, 1994). Also, expression levels usually obtained 

in E. coli are rather low and purification of the intracellularly produced protein can be 

difficult. Recently, Kajino et al., 2000 reported the use of Bacillus brevis for the 

expression of gelatin-like proteins. They used sequence stretches selected from natural 

collagen genes and polymerized them to form semi-synthetic gelatin. Prior to their 

report, we reported the use of the methylotrophic yeast Pichia pastoris as a superior 

host for the secretion of recombinant gelatins having natural amino acid sequences, at 

up to 14.8 g/L of clarified broth (Werten et al, 1999). 

Having established the suitability of P. pastoris for the expression of natural 

recombinant gelatins, we set out to investigate the possibilities of producing entirely 

custom-designed gelatins having novel physico-chemical properties. A monomelic 

gene encoding a highly hydrophilic 9 kDa gelatin was designed such, as to allow 
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convenient polymerization into larger multimers. The monomeric gene is much longer 

than the single oligonucleotide monomers used in the expression of synthetic gelatins 

in E. coli, mentioned above. This offers more flexibility in the design of the amino 

acid sequence and a concomitant decrease in the overall repetitiveness of the gene. 

Here, we describe the high-level secretion of a fully synthetic, highly hydrophilic and 

non-degraded 36.8 kDa gelatin by P.pastoris and its characterization. 

Materials and Methods 

Vector construction 

The monomeric gelatin gene (referred to hereafter as "P" for "Polar") was constructed 

by overlap extension PCR (Ho et al, 1989) of long oligonucleotides (underlined in 

Figure 3.1 A). PCR was performed in a Perkin-Elmer GeneAmp 9700, using the 

proofreading enzyme Pwo DNA polymerase (Eurogentec). The 5' half of the gene 

was constructed by overlap extension of the first and second oligonucleotides and co-

amplified by outer primers directed against nucleotides 1-26 (sense) and 197-174 

(antisense). Likewise, the 3' half of the gene was constructed by overlap extension of 

the third and fourth oligonucleotides and co-amplified by primers directed against 

nucleotides 174-197 (sense) and 363-337 (antisense). The resulting PCR products 

were isolated from an agarose gel and were combined by another overlap extension 

PCR and co-amplified with the primers directed against nucleotides 1-26 (sense) and 

363-337 (antisense). The resulting 0.3 kb PCR fragment was digested with 

XhoVEcoRl and cloned in vector pMTL23 (Chambers et al, 1988) to form vector 

pMTL23P. The sequence of the gene was verified by automated DNA sequencing of 

both strands. 

The monomeric gene was released by digesting pMTL23P with DraSUVan9\I 

(Fig. 3.IB). In a separate reaction the vector was linearized with Van91I and 

dephosphorylated. The DraUVVan9ll fragment was then inserted into this linearized 

vector to yield vector pMTL23P2. This process of insertional doubling can in principle 

be repeated to form multimers of any desired length, but was repeated only once here to 

form the vector pMTL23P4. The tetrameric gene (referred to hereafter as "P4") was then 
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cloned into the XhoVEcoRl sites of vector pPIC9 (Invitrogen) that contains a HIS4 

selectable marker, an alcohol oxidase 1 (AOX1) promoter/terminator cassette and a 

Saccharomyces cerevisiae a-factor prepro secretory signal (Clare et al., 1991a). The 

Kex2 and dipeptidyl amino peptidase (DPAPase) cleavage sites of the a-factor prepro 

sequence are lost from pPIC9 when using the Xho\ site, but are restored upon ligation of 

the gelatin gene by the sequence between Xho\ and DraRl (Figure 3.1 A). 

Kex2 DPAPase 
V V V 

1 L E K R E A E A G P P G E P G N P G S P G N Q G Q 
P 

1 ^ 
qcqCTCGAGAAAAGAGAGGCTGAAGCTGGTCCACCCGGTGAGqCAGGTAACCCAGGATCTCCTGGTAACCAAGGACAGCC 

cgcGAGCTCTTTTCTCTCCGACTTCGACCAGSTGGGCCACTCGGTCCATTGGGTCCTAGAGGACCATTGGTTCCTGTCGG 
Xhol Drain 

27 G N K G S P G N P G Q P G N E G Q P G Q P G Q N G 

Q 
81 

CGGTAACAAGGGTTCTCCAGGTAATCCAGGTCAACCAGGAAACGAAGGTCAACCTGGTCAACCTGGTCAGAACGGACaAC 

GCCATTGTTCCCAAGAGGTCCATTAGGTCCAGTTGGTCCTTTGCTTCCAGTTGGACCAGTTGGACCAGTCTTGCCTGTTG 

5 3 P G E P G S N G P Q G S Q G N P G K N G Q P G S P G 
S 

161 
CTGGTGAGCCAGGTTCCAACGGTCCACAAGGTTCTCAGGGTAACCCTGGAAAGAATGGTCAACCTGGATCCCCAGGTTCA 

GACCACTCGGTCCAAGGTTGCCAGGTGTTCCAAGAGTCCCATTGGGACCTTTCTTACCAGTTGGACCTAGGGGTCCAAGT 

8 0 Q G S P G N Q G S P G Q P G N P G Q P G E Q G K P G 
N 

241 
CAAGGCTCTCCAGGTAACCAAGGTTCCCCTGGTCAGCCAGGTAACCCTGGTCAACCAGGTGAACAAGGTAAACCAGGAAA 

GTTCCGAGAGGTCCATTGGTTCCAAGGGGACCAGTCGGTCCATTGGGACCAGTTGGTCCACTTGTTCCATTTGGTCCTTT 

107 Q G P A G G * 
3 21 CCAGGGTCCAGCCGpTGGCTAAtagaattcgtactgcagacgc 

GGTCCCAGGTflSGCCACCGATTatct taagcatgacgtctqcg 
Van91I EmRI 

Figure 3.1 A. Construction of the synthetic gelatin gene. Overlapping oligonucleotides and 

encoded P monomer. Letters in bold type indicate the non-ambiguous nucleotides recognized 

by Dralll and Van91I. 
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.^aoewofaili 

\ Repeat once //a™P 
DMTL23P2 _ 

3104bps Foralll 
XftC-l 

Figure 3.1 B Construction of the synthetic gelatin gene(B) Multimerization ofP monomer to P4. 

Note that Van91I/DraIII hybrid sites are not recleavable. 

Transformation o/P.pastoris 

Plasmid pPIC9P4 was linearized with Sail in order to obtain preferentially Mut+ 

transformants [i.e. by integration at the his4 locus rather than the AOX1 locus and thus 

allowing normal growth on methanol (Clare et ah, 1991b)]. Transformation of 

P.pastoris strain GS115 (his4; Cregg et ah, 1985) by electroporation and selection of 

Mut transformants was as described previously (Werten et ah, 1999). 

Fermentative production of synthetic gelatin in P.pastoris 

Fermentations were performed in 1-140 1 fermenters (Applikon) in minimal basal salt 

medium (Invitrogen) supplemented with 0.2% (v/v) PTMi trace salts (Invitrogen). 

Methanol fed-batch fermentations were performed as described previously (Werten et 

ah, 1999), with the exception that no protease inhibiting supplements such as casamino 

acids were added and that the pH during methanol fedbatch was maintained at 3.0 for 

all fermentations. 
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