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ABSTRACT 

Systems biology has emerged as a highly potent tool for studying biological processes 

over the last decades. However, its application to complex metabolic processes such as 

protein secretion is still at the infant stage. Saccharomyces cerevisiae and Aspergillus 

oryzae are two important fungal cell factories which occupy significant proportions of 

recombinant protein productions, whereas various bottlenecks and undiscovered 

mechanisms limit their full potential as robust hosts.  

In this thesis, systems biology approaches were applied to explore these two organisms in 

respect of protein production. By utilizing and engineering the yeast endogenous heme 

synthesis, we demonstrated the possibility for efficient production of complex proteins 

(e.g. multimer with a prosthetic group) by yeast. Applying inverse metabolic engineering, 

we identified many genomic variants that may contribute to improve protein secretion in 

yeast. Specifically, we examined the effect of a single point mutation on VTA1 encoding a 

regulatory protein in the MVB pathway in endocytosis. Our result suggests that the 

VTA1S196I mutation might help to accelerate nutrient uptake via endocytosis, which 

subsequently enhanced protein synthesis and secretion. Oxygen is an important element 

associated with normal cellular metabolism as well as protein production. We studied 

how Rox1p, a heme-dependent transcription repressor of many hypoxia-induced genes, 

affect protein production in yeast, under aerobic conditions. By knocking out ROX1, we 

observed a 100% increase in the α-amylase production. Through genome wide 

transcriptome analysis we identified several Rox1p targets and based on this suggested 

their roles in improving protein productions. Lastly, applying comparative genomics 

study, we enriched the list of core protein components involved in the secretory 

machinery of A. oryzae. To verify the list, several high α-amylase producing strains were 

constructed. The transcriptional responses of these strains to α-amylase production were 

studied using microarray, through which several strategies including overexpressing the 

up-regulated cell wall proteins EglD and Cwp1 and knocking out the genes encoding 

extracellular proteins competing for the secretory pathway, were proposed.  
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General introduction  

1.1 Saccharomyces cerevisiae 

The budding yeast Saccharomyces cerevisiae (will be referred to as yeast in this thesis except 

when otherwise specified) is one of the simplest forms of fungi belonging to the phylum of 

Ascomycota. Due to its extensive applications in preparation of bread and alcoholic 

beverages it is also known as Baker’s and Brewer’s yeast and therefore easily obtained the 

GRAS (Generally Regarded As Safe) status issued by the FDA (U.S. Food and Drug 

Administration). S. cerevisiae was the first approved genetically modified organism (GMO) 

to produce human food additives (calf chymosin for making cheese) (Walker, 1998) as well 

as the first GMO to be directly used in human food (beer) (Gopal and Hammond, 1992; 

Verstrepen et al., 2006). The applications of yeast have now been extended beyond food 

industries. As a facultative microbe, S. cerevisiae can grow both aerobically and 

anaerobically, and at the latter condition it produces ethanol as the dominant fermentation 

product. It has therefore been serving as the key biofuel cell factory to produce bioethanol at 

an industrial level. Another important application is the production of biopharmaceuticals 

(human insulin, hepatitis  virus  vaccines  and  human  papilloma  virus vaccines) (Martinez 

et al., 2012). In 2012, the sales of insulin and its analogs reached $18.92 billion, dominated 

by Novo Nordisk (40% market share) who uses S. cerevisiae as the leading producer (Huang 

et al., 2014). By 2009, around 18.5% of the industrially approved recombinant biotherapies 

are produced by S. cerevisiae, second to Escherichia coli which represents around 30% of the 

production (Ferrer-Miralles et al., 2009). Other applications, such as productions of 

biochemicals, biofuels (e.g. isopropanol, isoprenoids, flavonoids and terpenoids) (Chemler et 

al., 2006; Dugar and Stephanopoulos, 2011; Lee et al., 2008) and industrial enzymes (Hou et 

al., 2012c), are awaiting further developments. 

Aside from being an important cell factory, S. cerevisiae has been serving as a model 

organism to study various cellular mechanisms in eukaryotes, for the facts that it i) can grow 

on defined medium which gives a good control of experiments and analysis; ii) has a short 

generation time, easy to manipulate and upscale; iii) has well-known genome and genetic 

engineering tools/techniques; iv) may share homologous proteins or mechanisms in other 

organisms that are of research or application interests. For example, studying Aβ (beta-

amyloid peptide) trafficking in yeast may contribute to understand Alzheimer’s disease in 

human (Treusch et al., 2011).  

Being unicellular, S. cerevisiae was the first eukaryal organism whose genome was 

completely sequenced (Goffeau et al., 1996). Approximately 6000 genes on 16 chromosomes 

have been identified and the information is continuously updated in the yeast genome 

database (SGD). The yeast strains used in this thesis are all of the CEN.PK series (Entian and 

Kötter, 2007), which were designed to fit metabolic engineering applications in both 
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industrial and academic researches. The genome information of the wild type strain 

CEN.PK113-7D has been obtained recently (Nijkamp et al., 2012), which can be very helpful 

for our understanding and engineering the strain. 

1.2 Aspergillus oryzae 

Approximately half of the industrial enzymes are produced by filamentous fungi (Lubertozzi 

and Keasling, 2009; Machida et al., 2008). The koji mold Aspergillus oryzae has been widely 

used to produce amylase, glucoamylase, protease and lipase, etc. Actually, the first patent on 

microbial enzyme production was awarded to A. oryzae for producing Taka-diastase (U.S. 

Patent 525,823, in 1895) and the first example of producing commercial heterologous 

enzymes, a lipase for laundry detergent (Christensen et al., 1988) was also by A. oryzae. The 

fungus also has a long application history in food fermentations e.g. to make miso (soybean 

paste), sake (rice wine) and shoyou (soy sauce) in Asia, and therefore holds the GRAS status 

as well. 

As other filamentous fungi, A. oryzae forms multinucleate conidia which further develop into 

tubular hyphae during germination. The hyphae are composed of cylindrical compartments 

separated by perforated walls called septa. Protein secretion has been indicated to happen 

mainly at hyphae tips as the organelles essential for protein secretion such as the endoplasmic 

reticulum (ER) and the Golgi apparatus were both found dominantly in apical regions 

(Kuratsu et al., 2007; Maruyama and Kitamoto, 2007). Furthermore, the ER in A. oryzae is 

often found in the cell periphery of subapical regions and near septa (Maruyama and 

Kitamoto, 2007), suggesting the occurrence of protein secretion at septa in addition to hyphae 

tips.  

A. oryzae lacks a sexual life cycle, even though many genes are implicated in the fungal 

mating process and it contains an alpha mating-type gene in the genome (Galagan et al., 

2005). It has been noticed that expression vectors cannot be stably retained over long time of 

production, and it is less stringent for the plasmid-less nuclei to tolerant severe growth defect 

conditions in the coenocytic fungal hyphae. Genetic modifications are therefore usually 

achieved through chromosomal integration, and here the dominant mechanism is no-

homologous end joining (NHEJ) rather than the homologous recombination (HR) mechanism 

dominant in yeast. By NHEJ the expression cassette with selection marker is randomly 

integrated into the fungal chromosome in tandem copies (usually 2-10 copies). These 

characteristics have greatly prevented extensive genetic studies on A. oryzae using 

conventional approaches, and this explains why the biological knowledge on this 

commercially important fungus is still relatively limited. Sequencing of the wild type A. 

oryzae RIB40 genome was completed in 2005 (Machida et al., 2005). The genome consists 

of eight chromosomes with an entire genome size of 37.6 Mb (12,063 ORFs) (Machida et al., 

2008) which is relatively bigger than that of several other Aspergilli, including Aspergillus 

nidulans (30.1Mb, 10,586 ORFs) (Galagan et al., 2005), Aspergillus fumigatus (29.4MB, 
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9,887 ORFs)(Nierman et al., 2005) and Aspergills niger (34.85 Mb, 14,086 ORFs) (Pel et al., 

2007). The larger genome size is mainly reflected in the number of metabolic genes, 

including secretory hydrolases, transporters and primary and secondary metabolism genes, 

among which the expansion of secondary metabolism genes is most prominent (Machida et 

al., 2008). By constructing a Expressed Sequence Tag (EST) library, Vongsangnak et al 

enriched the numbers of the predicted genes in the A. oryzae genome and by using the 

improved annotated genome they constructed the first genome scale metabolic model of A. 

oryzae in 2008 (Vongsangnak et al., 2008). 
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II. Recombinant Protein Production 

The total biopharmaceutical sales reached about $125 billion in 2012 (Huang et al., 2014) 

which account for approximately 40% of the total pharmaceutical sales nowadays (Martinez 

et al., 2012). With a predicted annual increase of 6.8% the market for industrial enzymes is 

expected to reach $8 billion in 2015 (Group, 2011). Both S. cerevisiae and filamentous fungi 

occupy significant proportions of recombinant protein productions (RPPs) (Figure 1), 

whereas various bottlenecks and undiscovered mechanisms limit their full potential.  

In this thesis, we aimed to increase RPPs in the two fungal cell factories mentioned above, 

from which we expected to get novel insights into the mechanisms involved in protein 

production (especially secretion) which hopefully could provide guidance for further strain 

engineering.   

 

Figure 1. Recombinant protein productions in different host systems. (A) Biopharmaceuticals 

licensed by FDA and EMEA by 2009 (Ferrer-Miralles et al., 2009)(B) Industrial enzymes (Demain 

and Vaishnav, 2009). 

2.1 Secretory protein production: α-amylase as example 

α-amylase from A. oryzae was selected as the main model protein in this thesis to study 

protein production mechanisms, not only because it is an industrially important enzyme of 

great commercial value, but more importantly because it carries several characteristics (3 

domains, 478 amino acids, 4 disulfide bonds, and 1 glycosylation site, etc) (Randez-Gil and 

Sanz, 1993) for studying protein secretion. Processes dealing with these post translational 

modifications (PTMs) are commonly considered as being bottlenecks for protein secretion.  

2.1.1 Endocytosis 

There are two pathways transferring macromolecules, especially proteins and lipids, in and 

out of the cells, namely exocytosis and endocytosis, respectively (Figure 2). Endocytosis 

occurs at the cell surface where cargos (proteins, lipids, and other molecules) from the 

extracellular milieu and plasma membrane (PM) are internalized and delivered through a set 

of endosomes to the vacuole for degradation (Segev, 2009). In addition to nutrient uptake, 

endocytosis also serves to regulate various processes initiated at the cell surface including 



5 

 

signalling from cell surface receptors, removing damaged proteins from the membrane and 

recycling of membrane proteins involved in exocytosis back to the secretory pathway (Lewis 

et al., 2000) (Sudha Kumari and Mayor, 2010). Cargo internalization from PM and sorting 

into the early endosome is mediated by clathrin and actin in S. cerevisiae. The process has 

been well described by Toret et al (Toret and Drubin, 2006). Subsequent cargo sorting to the 

late endosome is achieved through a sequential recruitment of three protein complexes called 

endosomal sorting complex required for transport (ESCRTs, I to III) to the late endosome 

membrane and the specific interactions with the associated proteins. The resulting inward 

invaginated form of late endosome is called multivesicular body (MVB) and therefore the 

process is called the MVB pathway. Sorting of cargo proteins into the MVB pathway is 

ubiquitin-dependent (Katzmann et al., 2001). At least 24 gene products have been implicated 

in the MVB sorting pathway (Saksena et al., 2007). These proteins are referred to as class E 

Vps (vacuolar protein sorting) proteins. Deletion of class E VPS genes in S. cerevisiae has 

resulted in mislocalization of MVB cargoes to the vacuole membrane surface (Raymond et 

al., 1992) and accumulation of endosomal cargoes in large aberrant structures next to the 

vacuole (Vida et al., 1993). Deletion of class E VPS genes in A. oryzae results in defective 

vacuole formation, impaired hyphal growth and conidiation (Tatsumi et al., 2006). The 

exocytic and endocytic pathways are connected by bi-directional transport between the Golgi 

and the endosomes (Conibear and Stevens, 1998). Exocytic v-SNARE Snc1p which mediates 

fusion of exocytic vesicles with the PM has been proven to be recycled by endocytosis 

(Lewis et al., 2000) implicating that endocytosis is a crucial process for protein production, in 

terms of supporting secretion (Shoji et al., 2008). 

In contrast, the exocytic pathway carries proteins and lipids from the ER through Golgi 

apparatus to the PM, following which the secretion of recombinant proteins usually happens. 

The exocytic pathway is regarded as secretion in general in this thesis, and is discussed in 

details in below sections. 
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Figure 2. Two major intracellular trafficking pathways. The endocytic pathway internalizes 

cargos from the cell milieu or the periplasmic space through a series of endosomes and finally 

degrades the cargos in the vacuole. The exocytic pathway carries proteins and lipids from the ER 

through the Golgi to the PM. The steps include translocation, post-translational modifications, ER 

quality control, Golgi processing, sorting, vesicle trafficking and tethering etc. The endocytic and 

exocytic pathways are interconnected.  

2.1.2 Transcription, translation and protein synthesis 

According to the central dogma, protein production is initiated by transcription followed by 

translation of mRNA resulting in assembly of amino acids into polypeptides with the 

assistance from tRNA following the genetic codes on mRNA on the ER-bound ribosomes. 

Therefore, modulating transcription and translation efficiency is usually the first concern 

when designing expression systems for producing heterologous proteins, among which 

strategies such as i) selecting strong promoters (Liu et al., 2012), ii) increasing gene copy 

numbers (Verdoes et al., 1995), iii) overexpressing relevant transcription factors (Nabel and 

Baltimore, 1987), and iv) engineering the 5’ untranslated regions to promote translation 

initiation (Koda et al., 2004) etc are included. It is worth mentioning that strong promoter and 

high copy numbers usually results in higher protein production (Verdoes et al., 1995), 

however, due to reasons such as saturation of the transcription factor (Kelly and Hynes, 1987), 

overloading to the secretory pathway, and reduced cell growth due to protein production 

induced stress, the volumetric yield may not always be satisfactory with this strategy. More 

studies have been therefore focused on the ER and the post ER secretory mechanisms. 
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2.1.3 ER processing 

After translation, newly synthesized polypeptides targeting for secretion have to pass through 

several essential steps before getting matured and reaching their final destinations among 

which ER is the first checkpoint where a set of covalent modifications such as signal 

sequence removal, disulfide bond formation, N-glycosylation, GPI anchoring, sorting and 

degradation (Dobson, 2004; Idiris et al., 2010) happen.  

Signal sequence removal 

Leader sequences are very important for guiding protein along the secretory pathway. The S. 

cerevisiae α-mating factor prepro leader has been identified as a better leader for secreting α-

amylase than the synthetic Yap3-TA57 leader (Liu et al., 2012) and therefore chosen to guide 

the amylase secretion in the yeast strains in this thesis. The pre-leader is responsible for 

directing the newly synthesized peptide through translocation into the ER and the pro-leader 

is supposed to increase the solubility of the recombinant protein (Kjeldsen et al., 1999) and 

the trafficking efficiency through the inter-organelle transport and vacuolar targeting 

(Rakestraw et al., 2009). The pre leader sequence is usually cleaved off after exiting ER, 

while the pro leader sequence is cleaved by the Kex2p proteinase in the Golgi apparatus in 

the late secretory pathway, and more often the cleavage is not complete (Kjeldsen, 2000). 

Secretion in S. cerevisiae usually results in hyper-glycosylation and therefore leader 

sequences are often mutated to reduce the amount of hyper-glycosylated proteins (Kjeldsen et 

al., 1998). Screening a library of mutant α-mating factor leader peptides has resulted in up to 

16-fold enhanced secretion of a single-chain antibody fragment (scFv) (Rakestraw et al., 

2009). Combining with strain engineering, a 180-fold improvement in the secretion of full-

length, glycosylated functional human IgG1 was achieved (Rakestraw et al., 2009).   

Protein folding  

Being translocated into the ER through the Sec61p translocon either co- or post-

translationally, the nascent proteins are either bound to the ER chaperone calnexin (encoded 

by CNE1 in yeast) or the protein binding protein BiP (encoded by KAR2 in yeast) for folding 

to their native configurations. It is very rare that the protein binds simultaneously to both 

calnexin and BiP and it seems the closer the N-glycan sites to the N-terminus of the protein, 

the higher the tendency to use calnexin folding system (Molinari and Helenius, 2000).  

i) CNX cycle: A preformed oligosaccharide (Glc3Man9GlcNAc2) is attached to the 

asparagine side chains on the Asparagine-X-Serine/ Threonine motif of the nascent 

peptide. The three glucose moieties are cleaved off by glucosidase I and II, and then 

one glucose residue is added back by UDP-glucose glycoprotein glucosyltransferase 

(UGGT), the resulted monoglucosylated (Glc3Man9GlcNAc2) protein can then be 

retained in the ER by interacting with calnexin which has lectin activity through the 

glucose residue until the protein is properly folded and further glycosylated. 
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Glucosidase II then removes the terminal glucose by which the calnexin is released 

for another round of inspection (Ruddock and Molinari, 2006).  

ii) BiP folding system: similar to the CNX system, BiP binds transiently to the newly 

synthesized polypeptides to prevent them from misfolding until they are properly 

folded. Belonging to the Hsp70 (heat shock protein of 70 KDa) molecular chaperone 

family, BiP consists of an N-terminal ATPase domain and a C-terminal substrate 

binding domain that has affinity for hydrophobic patches (Flynn et al., 1991). A 

conformational change on Bip occurs when ATP is hydrolyzed to ADP through which 

the substrate (peptide) is released. Substrates can undergo cycles of BiP binding and 

release through ATP hydrolysis. During each round of dispatching, the substrate has 

the opportunity to undergo the folding pathway until it no longer presents any BiP 

binding motif (Gething, 1999). BiP’s ATPase activity is regulated by DnaJ co-

chaperones and other cofactors including Sil1p, Lhs1p, Scj1p, Jem1p, overexpression 

of which have shown increased secretion of recombinant human albumin, human 

transferrin and granulocyte-macrophage colony-stimulating factor in S. cerevisiae 

(Payne et al., 2008).   

iii) Disulfide bond formation: Correct disulfide bond formation further increases the 

stability of the native protein conformation. Missing or mispairing produces severe 

misfolded proteins and induces stress. Illustrated in Figure 3, the process is driven by 

the flavine adenine dinucleotide (FAD) bound Ero1p. FAD is synthesized in the 

cytosol and enters the ER freely. Depletion of riboflavin in yeast results in a severe 

defect in oxidative folding. FAD bound Ero1p oxidizes protein disulfide isomerase 

(PDI) which then subsequently oxidizes the dithiols on the folding protein to form 

disulfide bonds. Electrons are then transferred from PDI to Ero1p and finally to 

molecular oxygen during which reactive oxygen species (ROS) may be generated 

(Bader et al., 1999). Ero1p possesses seven conserved cysteine residues, and PDI 

contains two thioredoxin like active sites, both of which are likely to be involved in 

the catalysis of electron transfer. There are four PDI homologs in yeast, which are 

Eug1p, Mpd1p, Mpd2p and Eps1p. In addition to PDI, these homologs may also 

perform disulfide isomerization or reduction with the assistance from reduced 

glutathione (GSH) resulting in the oxidative form of glutathione (GSSG) (Tu and 

Weissman, 2004). In vitro experiment suggested that Ero1p can discriminate between 

PDI and the homologs. Besides, there is an alternative folding enzyme parallel to 

Ero1p, namely Erv2p, Detailed mechanisms by Erv2p has  not been clearly defined 

yet (Tu and Weissman, 2002).  
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Figure 3. Disulfide bond formation catalyzed by PDI and Ero1p in yeast. 

Unfolded protein response  

Prolonged binding to either calnexin or the BiP complex causes repetitive rounds of oxidative 

protein folding attempts, resulting in aggregated ROS and stress in the ER. To cope with this 

stress and ensure survival of the cell, a signal is sent across the ER membrane into the 

nucleus and the cytoplasmic space inducing the so called unfolded protein response (UPR). 

Genes regulated by UPR involve in many functions associated with the ER, including protein 

translocation and glycosylation, lipid and inositol metabolism, protection against oxidative 

stress, or even later stages of secretion, including ER–Golgi transport, Golgi glycosylation, 

vacuolar targeting and exocytosis, in addition to degradation of the mis-folded proteins from 

the ER (Kimata et al., 2006; Saloheimo et al., 2003; Travers et al., 2000). Many genes 

involved in these processes or functions are up-regulated by UPR (Kimata et al., 2006). In 

contrast, some genes encode cell surface or extracellular proteins were found down-regulated 

by UPR in yeast. The authors suggested that this UPR-mediated gene repression may 

alleviate the load of client proteins targeted to the ER (Kimata et al., 2006). Actually, down-

regulation of genes encoding secreted enzymes in response to secretion stress (RESS) is more 

frequently seen in filamentous fungi (Al-Sheikh et al., 2004; Pakula et al., 2003) than in yeast, 

as they produce much more secreted proteins. Some study indicated the RESS effect may be 

independent of UPR (Al-Sheikh et al., 2004). The folding stress causing UPR can be 

experimentally induced, e.g. by tunicamycin (blocks protein glycosylation) and dithiothreitol 

(DTT) (impairs disulfide bond formation).  

The UPR utilizes a unique regulatory mechanism not known in any other signal transduction 

pathway. In yeast three proteins are required for the activation of the UPR, namely Ire1p, 

Hac1p and Rlg1p. Ire1p is a transmembrane kinase with the N-terminus in the ER lumen and 

the carboxyl terminus in the cytosol. The N-terminus of Ire1p senses the stress in ER and in 

the event of oxidative stress the protein gets oligomerized. This enables the middle kinase 

domain to activate the endonuclease in the tail domain, which cuts off the intron in the HAC1 

mRNA. Rlg1p ligates the two exons of the HAC1 mRNA so that it can be translated into 
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Hac1p, which translocates to the nucleus and activates the up-regulation of UPR target genes 

(Kaufman, 1999; Patil and Walter, 2001; Sidrauski and Walter, 1997). The Hac1p binding 

region (UPRE) has been found in the ER-resident chaperones, e.g. KAR2, PDI, and FKB2 

(Mori et al., 1998). In the filamentous fungi Trichoderma reesei, A. nidulans and A. niger, 

hacA (homolog to yeast HAC1) undergoes an analogous splicing reaction of a shorter (20 

nucleotides) intron during UPR. In addition, the hacA mRNA is truncated at the 5’ flanking 

region during UPR induction (Saloheimo et al., 2003).  

ER-associated degradation  

The CNX and BiP systems ensure that only correctly folded, modified and assembled 

proteins travel further along the secretory pathway. If the UPR is insufficient to relieve the 

stress, misfolded or unmodified proteins are eventually eliminated by the ER-associated 

degradation (ERAD) system, through which they are relocated into the cytosol via the 

translocon (Sec61) or/and Der1p (Ye et al., 2004), and subsequently labelled by ubiquitin and 

finally recognized and degraded by the 26S proteasome (Meusser et al., 2005). The mark of 

the substrate by ubiquitin requires a Ub (ubiquitin) activating enzyme, a Ub conjugating 

enzyme and a Ub ligase (Doa10p) in addition to the ubiquitin itself (Meusser et al., 2005). In 

S. cerevisiae, Hrd1p-Hrd3p complex together with Sec61p mediate transferring of the 

targeted proteins for degradation (Gauss et al., 2006).   

Up-regulation of essential components in ERAD pathway has been noticed in response to 

higher secretion of Fab fragment in P. pastoris (Gasser et al., 2007). Impairing derA a 

putative ERAD component in A. niger resulted in a 6-fold increase in the intracellular amount 

of glucoamylase–glucuronidase (a recombinant fusion protein), indicating a delay in protein 

degradation (Carvalho et al., 2011). 

Engineering ER residential proteins 

The effect of overexpressing the molecular chaperones (BiP, calnexin, and assisting 

chaperons), folding enzymes (Pdi1p, Ero1p), and the UPR regulator (Hac1p) have been 

reviewed by Idiris et al (Idiris et al., 2010). In general, the overexpression effects are protein 

or host specific meaning that in some cases, protein secretion can be significantly increased 

(BiP in (Harmsen et al., 1996) and the BiP chaperones in (Payne et al., 2008)), while in other 

cases, it had no or even negative effects (BiP (van der Heide et al., 2002)).  

Glycosylation 

Glycosylation appears to be important for pharmaceutical proteins as well as industrial 

enzymes as their activities or behaviours are much dependent on the modification patterns. 

Approximately 70% of the approved therapeutic proteins are glycoproteins. 

The initial N-glycosylation is rather conserved which starts from the ER where a core N-

glycan (2N-acetylglucosamines and 5 mannose residues) is transferred to the nascent 
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polypeptide on the asparagine residue of the consensus Asparagine-X-Serine/ Threonine 

motif, with X representing any amino acid but not Proline (Bause, 1983). The N-

glycosylation is completed by the ER-resident oligosaccharyl transferases (OSTs). Another 

variety is the O-linked glycosylation which occurs at the hydroxyl groups of serine and 

threonine and is catalysed by O-mannosyltransferases (PMTs) (Hou et al., 2012c). After ER 

quality control, the nascent protein is transferred to the Golgi where the glycan pattern is 

further processed. From this step, the glycosylation processing differs significantly between 

yeast and human being that the yeast glycan chain is less complex and rich of mannose. This 

confers a short half-life in vivo making yeast less suitable for expressing therapeutic 

glycoproteins (Wildt and Gerngross, 2005). Attempts to prevent hypermannosylation in yeast 

by inactivation mannosyltransferases Och1p and Mnn1p resulted in severe growth defect in S. 

cerevisiae (Zhou et al., 2007). Currently, humanization of glycosylation pathway has been 

mainly performed in P. pastoris and in combination with other secretion and folding related 

engineering strategies, high level secretion of up to 1g/L full-length antibodies with correct 

human glycosylation was achieved (Potgieter et al., 2009).    

Glycosylation is another important factor determining folding state in addition to disulfide 

isomerization, and if the protein fails to achieve correct conformation, a specific 1, 2 α-

mannosidase (mns1p) will remove the 1,2 α-mannose units and target the substrate to ERAD 

(Carvalho et al., 2011). Htm1p, Yos9p and Mnl1p have also been shown to target the de-

mannosylated proteins to ERAD (Clerc et al., 2009). 

2.1.4 Post ER processing 

After successful folding and assembly in the ER, the secretory proteins will be recognized 

and exported by the coat protein complex II (COPII) to membrane-bound vesicles, which 

further travel the cargos to the Golgi. In the Golgi, the protein is further maturated, including 

hyper-mannosylation and signal peptide removal etc. After Golgi processing, proteins can be 

sorted to different directions, such as retrograde to ER, transport to early and late endosome, 

to vacuole, to plasma membrane and to extracellular space, depending on their properties. 

Retrograde from the Golgi to ER is important for retrieval of the escaped ER resident 

proteins and return the unprocessed cargo proteins. The process is mediated by the COPI 

proteins. At each trafficking step, the membrane of the transport vesicles fuses to the target 

membrane and then delivers the cargo proteins through the assistance from a series of soluble 

N-ethylmaleimide-sensitive factor receptor (SNARE) complex proteins (Jahn and Scheller, 

2006). Engineering of the SNARE proteins Sly1p and Sec1p has been shown to enhance α-

amylase secretion. Insulin precursor secretion was improved by overexpressing Sec1p but not 

Sly1p (Hou et al., 2012b). Over-expression of Sso1p and Sso2p increased amylase secretion 

in yeast as well (Ruohonen et al., 1997). 
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2.2 Complex protein production: Human Hb as example 

Cytoplasmic expression may lead to very high expression level of proteins as potential 

limitation for secretion pathways such as strict quality control and slow translocation between 

organelles are excluded (Mattanovich et al., 2012). One example was the very high 

expression of (22 g/L) rubber tree hydroxynitrile lyase from high cell density P. pastoris 

culture (Hasslacher et al., 1997). However, there are several obvious disadvantages such as 

efforts associated with breaking cells down and additional downstream processing, and the 

formation of insoluble aggregates where the protein is inactive (Binder et al., 1991), etc.  

In comparison to protein production through the secretory pathway, we investigated the 

possibility of producing complex protein with human hemoglobin as example in S. cerevisiae 

due to i) human hemoglobin has potential medical application as blood substitute ii) yeast 

endogenous heme can be utilized to form complete proteins and therefore iii) it represents a 

good example for producing heme bound proteins e.g. catalases and cytochrome P450 

enzymes that have various applications by yeast.  
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III. Systems Biology Platforms  

The complexity of the cellular machineries, in terms of composition and regulation,  has 

always been a challenge for understanding the biological problems of a living organism 

(Papini et al., 2010). During the last decades, with extensive developments in molecular 

biology, especially genome sequencing and high throughput experimental technologies, it 

became possible to collect comprehensive data and get holistic insights into the target system, 

based on which the concept of systems biology was thus emerged (Kitano, 2002). The 

consensus definition over many interpretations of systems biology is the global study of 

biological processes at cell, organism or even community level in order to illuminate the 

linkage between molecules and large-scale physiology (Barrett et al., 2006; Mustacchi et al., 

2006).  

Depending on the objective of a study, one can choose from two types of systems biology 

approaches, namely top-down and bottom-up respectively. The top-down systems biology is 

a data-driven process in a sense that biological information is extracted from large data sets 

including different omics data obtained from high throughput analysis. In contrast, the 

bottom-up systems biology is based on detailed or specific knowledge, which can be 

translated into mathematical formulation (model) to simulate the biological system or to 

verify an existing model. Even though bottom up modeling is usually only able to describe a 

subset of the complete biological system due to lack of quantitative information (components 

and interactions) it has been used for long before the top-down method was developed with 

the availability of large scale data sets. Today, the two approaches are often applied jointly to 

generate hypothesis for improving strain behaviors (Nielsen and Jewett, 2008) including cell 

factories used to produce recombinant proteins.   

3.1 Bottom-up vs. protein production  

There have been many mathematical models constructed by the means of bottom up 

approaches for simulating the processes involved in protein production. Dong et al. studied 

how the location and spacing of the rare aminoacyl-tRNA (which was termed slow codons) 

can dramatically affect the protein production rate (Dong et al., 2007). A series of studies 

focused on how glycosylation (site occupancy, oligosaccharide modifications) and co-/ post-

translational processes are interacted and affect glycoprotein’s secretion (Shelikoff et al., 

1996; Umaña and Bailey, 1997). Raden et al. constructed a kinetics model describing the 

functions of the key enzymes Ire1p and Kar2p during the UPR (Raden et al., 2005). More 

studies tried to correlate strain growth with heterologous protein production (Sidorenko et al., 

2008; Tholudur et al., 1999), in which metabolic flux analysis was usually taken into 

consideration in addition to the production of related parameters. Feizi et al recently 

constructed the first genome-scale model for the yeast secretory pathway, where 163 

secretory components are divided into 16 subsystems based on their PTM features. The 
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metabolic requirements associated with processing of each specific protein in the secretory 

machinery can be estimated using the model (Feizi et al., 2013). 

3.2 Top-down vs. protein production  

Entering the genomics and functional genomics era, the application of mathematics models 

has gone beyond the hypothesis driven scope, where it can also be applied to analyze global 

data in addition to serve as a scaffold to extract information (Nielsen and Jewett, 2008). The 

global data is usually achieved through high-throughput experimental techniques involved in 

different omics studies.  

Genomics studies, being advanced with the development of high-speed DNA sequencing 

technologies, enable identification and analysis of an entire cellular network on the 

fundamental genome level. For strain improvement, it is often applied together with random 

or evolved mutagenesis followed by intelligent screening processes and assisted with other 

omics analysis, such as whole genome transcriptome profiling (DNA microarray, RNA 

seqencing), proteome profiling (2D-gel electrophoresis combined with mass spectrography), 

metabolome and fluxome profiling (isotopically labeling substrates in combination with 

GC/MS, LC/MS and NMR technologies) etc (Lee et al., 2005). The metabolome and fluxome 

only gives valuable information if rates of individual reaction steps can be assessed. Due to 

the complexity with the protein secretory pathway, transcriptomics and proteomics are more 

frequently applied to understand the cellular responses to protein productions (Vijayendran 

and Flaschel, 2010). 

Owing to the well-annotated genome, transcriptome analysis is often applied to study RPPs in 

yeast. By studying the transcriptional responses to DTT induction, Travers et al revealed an 

intimate coordination between the UPR and the ERAD responses. They found that efficient 

ERAD requires intact UPR and UPR induction increases ERAD capacity. Furthermore, loss 

of ERAD leads to constitutive UPR induction, and simultaneous loss of ERAD and UPR 

greatly decreases cell viability (Travers et al., 2000). Overexpressing HSF1 that is essential 

for the heat shock response (HSR) resulted in significant improvement on recombinant 

insulin precursor and amylase productions. Transcriptome analysis indicated that the ER 

stress was relieved through HSF1 overexpression, mainly through up-regulation of protein 

folding related genes and repression of transcription and translation in yeast (Hou et al., 

2012a). It has been shown that amylase production was favored when cultured anaerobically. 

Through reporter metabolite analysis based on the transcriptome data, the authors proposed 

fumarate as the electron acceptor for protein folding under anaerobic conditions in yeast (Liu 

et al., 2013). 

Research on A. oryzae has been mainly focused on genomics, comparative genomics, 

proteomics and secretomics, as there are still many un-annotated (<10%) ORFs in the 

genome. By comparison with similar and annotated species and performing secretome or 
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proteome analysis, more analogous genes or proteins may be identified. Genome analysis has 

been demonstrated in many papers trying to elucidate the high protein secretion capacity of 

Aspergilli (Kobayashi et al., 2007; Machida, 2002; Machida et al., 2008; Pel et al., 2007). 

Putative genes are mainly predicted based on their homologies to known genes in the public 

databases. Specifically, Geysens et al studied the processes of protein folding, secretion stress 

and glycosylation on the gene levels through genomics comparison among four different 

fungi, including A. niger, A. nidulans, S. cerevisae, and P. pastoris (Geysens et al., 2009). 

Considering that most cellular metabolic activities are directly or indirectly mediated by 

proteins, proteome profiling allows a systematic understanding of the molecular events occur 

in an organism under various physiological states. Even though, due to technique and cost 

related issues, not all proteins have been identified yet. The state of proteome profiling in 

Aspergilli has been reviewed by Kim et al (Kim et al., 2007; Kim et al., 2008).  

Microarrays for Aspergilli have not yet been designed by commercial companies and 

therefore the research has been mainly driven by university groups that have designed arrays 

(Andersen and Nielsen, 2009). Sims et al. mapped 20 known genes of A. niger involved in 

the secretory pathway to identify homologous sequences in A. nidulans. The putative exons 

of these sequences were examined by microarray, through which hypothetical orthologs of 

the ER chaperones were found to be up-regulated. The transcriptional level of these genes 

were similar to that of the A. niger orthologs (Sims et al., 2004). Through comparative 

genomics and transcriptomics studies Vongsangnak et al found that the MAL locus 

responsible for maltose utilization in A. oryzae does not exist in A. niger. They report that A. 

niger requires a different regulatory system that involves the AmyR regulator for 

glucoamylase induction to utilize maltose (Vongsangnak et al., 2009).  

As a substitute to microarray, high-throughput RNA-sequencing (RNA-Seq) technology has 

become a powerful and cost-efficient tool for transcriptome analysis. It is able to i) accurately 

quantify gene expression levels at low background; ii) detect a larger dynamic range of gene 

expression levels than microarray which lacks sensitivity for very low or very high 

expressions; iii) reveal precisely the boundaries of untranslated regions and sequence 

variations such as alternative splicing (AS) and gene fusion (Wang et al., 2010). Wang et al 

applied RNA-seq to study the A. oryzae transcriptome, through which they identified 

numerous novel transcripts, newly identified exons and untranslated regions. By finding 

differentially expressed genes involved in protein secretion system of A. oryzae in solid and 

liquid cultures, they gained further insight into the protein secretion pathway (Wang et al., 

2010).  
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IV. Case studies 

4.1 Paper I. Recombinant hemoglobin production in yeast  

Hemoglobin is a tetramer metalloprotein essential for oxygen transport in human red blood 

cells. The protein is comprised of two α and two β subunits with each subunit wrapping a 

prosthetic heme molecule. Heme is comprised of a protoporphyrin IX and a ferrous iron 

which has high affinity for binding oxygen (Belcher et al., 2010; Benesch and Benesch, 

1963). The structure of protoporphyrin IX is common among divergent species such as 

human and yeast, and therefore one can utilize the endogenous yeast heme to produce 

recombinant human hemoglobin (Kumar, 1995). Expression of recombinant hemoglobin has 

been successfully demonstrated in different organisms including S. cerevisiae and E. coli 

(Behringer et al., 1989; Coghlan et al., 1992; Dieryck et al., 1997; Hoffman et al., 1990). 

There are basically two problems associated with producing recombinant hemoglobin in 

yeast. One is the insufficiency of the heme cofactor. Incorporation of the heme molecule has 

been suggested to happen co-translationally, and could therefore facilitate the formation of 

the proper tertiary structure on the ribosome (Komar et al., 1997). In addition to heme supply, 

balancing the expression ratio of the α and β globins is also crucial as insufficiency of either 

peptide will prevent timely assembling and result in degradation. Eight steps are involved in 

the heme biosynthesis pathway (Figure 4) with HEM2, HEM3 and HEM12 been reported 

rate-limiting in different experiments (Hoffman et al., 2003; Keng, 1992).  

In Paper I, we applied a metabolic engineering strategy to improve endogenous heme level by 

overexpressing the rate-limiting enzymes in the heme biosynthesis pathway. The expressions 

of the α and β globin peptides were also balanced in combination with the elevated heme 

synthesis. 

Expression of the heme genes (HEM2, HEM3 and HEM12) and the globin genes (HBA and 

HBB) were controlled by promoters of varied strengths on separate vectors harboring 

different autotrophic markers (Figure 5). The strains transformed with heme vectors were 

first evaluated to find the best heme producing vectors. The strains overexpressing globin 

vectors were also evaluated, however, likely due to insufficient heme, we did not detect 

globin bands on SDS-PAGE. In the third step, we combined the best heme overproducing 

vectors with the globin constructs and identified the best combinations for high level human 

hemoglobin production.  
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Figure 4. Strategy for engineering hemoglobin production in yeast. Yeast genes HEM2, HEM3 

and HEM12 (highlighted in red) in the heme biosynthesis pathway were overexpressed for improved 

heme levels in the cytosol. Human α and β globins were overproduced using plasmid expression. 

Correct folding and assembling resulted in corrected folded hemoglobin, whereas failure in 

assembling resulted in degradation.  

 

Figure 5. Strain construction. CEN.PK 113-11C as the expression host being transformed with i) 

heme overexpression plasmids: gene HEM2, HEM3 and HEM12 were inserted into the expression 

cassette TEF1-ADH1, either individually or in different combinations in the cassettes TEF1-ADH1 

and PGK1-CYC1 on pIYC04. ii) globin overexpression plasmids: HBA, HBB, and HBAA (two HBA 

connected by a glycine linker) were inserted into pSP-GM1 in the cassettes of TEF1-ADH1 and 

PGK1-CYC1 in different combinations. iii) heme and globin overexpression plasmids: The top three 

best heme/coproporphyrin producing plasmids H3, H12 and H3H2H12 were transformed in different 

combinations together with the globin overexpression plasmids B/A, B/AA, B/A/A and B/AA/B. 
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Figure 6. Porphyrin/heme levels in heme over-expression strains.  

Overexpressing the heme biosynthesis genes successfully enhanced endogenous heme levels. 

HEM3 overexpression alone (strain H3) displayed the best effects in terms of the levels of 

intermediate coproporphyrin, free porphyrins and bound heme in cells compared to the other 

combinations tested (Figure 6). The HEM12 (strain H12) and HEM3, HEM2 and HEM12 

triple overexpression plasmids (strain H3H2H12) produced lesser but still substantial 

amounts of heme and were therefore chosen for evaluation of hemoglobin production 

together with the HEM3 plasmid. 

 

Figure 7. Selection of the best hemoglobin producing strains on SDS-PAGE. 

HEM3 overexpression vector was first co-transformed with all the globin overexpression 

plasmids (Figure 7A). By co-overexpression with H3, the globin construct B/A/A showed the 

highest protein expression, whereas there was nearly no band of the right size (around 16 

KDa) when H3 was expressed in combination with other globin constructs. Based on this 

result, B/A/A was co-overexpressed with the other two heme overexpression plasmids H12 

and H3H2H12 and clear bands were also observed (Figure 7B). Expression of B/A/A with 

the empty plasmid pIYC04 did not show clear expression, further supported the hypothesis 

that endogenous heme levels are insufficient to achieve high heterologous globin production 

(Smith et al., 2011).  

 



19 

 

 

Figure 8. Heme and hemoglobin production during batch fermentations. (A) Offgas profile: 

showing that glucose phase finished at around 20 hrs and ethanol phase started at around 36 hrs. (B) 

Heme and porphyrin levels in strains after inoculation for 20 and 36hrs respectively. (C) SDS-PAGE 

analysis of the globin patterns produced at 20 and 36 hrs respectively. 4, 14, 20 represent strains 

H3+B/A/A, H3H2H12+B/A/A and pIYC04+pSP-GM1 respectively. a and b represent 20 and 36 hrs 

after inoculation.  

The physiological properties of the recombinant hemoglobin strains were characterized in 

batch fermentations (Figure 8). The cell growth reached the end of the glucose phase and the 

beginning of the ethanol phase at around 20 and 36 hours after inoculation respectively 

(Figure 8A). Interestingly, we found that the heme level in H3+B/A/A significantly decreased 

before the ethanol phase started (Figure 8B) indicating a negative correlation between 

heme/porphyrin synthesis and respiration. In contrast, in H3H2H12+B/A/A and 

pIYC04+pSP-GM1, the heme level kept improving after the glucose phase was finished with 

a decrease in the free porphyrin level suggesting that porphryin synthesized in the glucose 

phase were gradually converted into heme. The correlation between the heme levels and the 

hemoglobin production was also measured by SDS-PAGE (Figure 8C). Clearly, the level of 

hemoglobin produced in the glucose phase is higher than in the beginning of the ethanol 

phase (about 1.3 fold) for H3+B/A/A, confirming that efficient heterologous hemoglobin 

production requires a low rate of respiration. 

At the end of cultivation, strain H3+B/A/A had the most active hemoglobin accounting for 

4.09% of the whole cell soluble protein followed by H3H2H12+B/A/A with 3.82%. 2.8% of 

active protein was detected in strain pIYC04+pSP-GM1 which has neither heme nor globin 

overexpressed. The activity measured in this strain might come from the endogenous 

flavohemoglobin (Zhao et al., 1996). 

4.2 Paper II. Inverse metabolic engineering  

The concept of inverse metabolic engineering was introduced by Bailey (Bailey et al., 1996) 

to identify novel targets for metabolic engineering through characterization of mutagenesis 

libraries or strains exposed to adaptive laboratory evolution. In paper II this concept was used 

for improving protein secretion. By combining UV-random mutagenesis and selection for 
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growth on starch, mutant strains able to produce up to 5 fold increased levels of heterologous 

amylase compared with the reference strain were obtained (Figure 9). 

 

Figure 9. Protein yield during batch fermentations. (A) Amylase yield on cell mass during the 

exponential phase. (B) Final Amylase yield. NC: negative control, produces no amylase; AAC: 

amylase producing strain subjected to UV mutagenesis; M715 and M1052: two mutant strains derived 

from AAC after UV mutagenesis 

Through whole genome sequencing, we identified genomic variations that could be 

associated with higher amylase secretion. Several single point mutations were evaluated by 

introducing the mutations to the starting strain and checking the performance of the resulting 

strains with respect to amylase production. Interestingly, we successfully identified a single 

point mutation in VTA1, coding a regulatory protein interacting with several Vps proteins in 

the MVB sorting pathway in endocytosis. By applying this modification alone, the amylase 

secretion could be improved by 35%, and the cell growth was increased by 21% in shake 

flask cultivations (Figure 10).  
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Figure 10. Effect of VTA1S196I mutation on α-amylase production in shake flask fermentation. 

1D-AAC: AAC strain with URA3 knocked out to facilitate application of point mutation; 1D-AAC-

VtaM: 1D-AAC with VTAS196I point mutation.  

To understand what effect the VTA1S196I mutation may have on endocytosis, we added 

different concentrations of bovine serum albumin (BSA) into the Delft medium, which lacks 

peptone and nutrient rich yeast nitrogen source compared to the YPD medium, and compared 

strain growth and amylase production. Cell growths (Figure 11A) in the mutated strain were 

slightly better in all three media than in the control strain. The amylase productions (Figure 

11B) were slightly higher in the Delft medium and the Delft + 1g/L BSA medium until 

around 55 hours. After that point, the main nutrients (glucose and added BSA) supporting cell 

growth as well as amylase production may have been depleted and the yeast cells may start to 

take up the produced amylase through endocytosis. With more BSA (2g/L) presented, 

amylase uptake was reduced, as indicated by the higher amylase amount (0.8 U/mL) in 1D-

AAC-VtaM than 1D-AAC (0.4 U/mL) after 60 hours. Naturally S. cerevisiae produces very 

low amounts of extracellular proteins, including proteases (Mattanovich et al., 2012). The 

basal expression of protease (s) should be of similar level in 1D-AAC and 1D-AAC-VtaM as 

the only difference between these two strains is the VTA1S196I mutation. If the presence of 

more BSA (2g/L) prevented protease degradation on amylase, there should be more amylase 

left in the Delft+2g/L BSA medium than in the Delft+1g/L BSA medium for both strains. 

However, we only see this phenomenon in strain 1D-AAC-VtaM (0.3U/L in Delft+1g/L BSA, 

and 0.8U/L in Delft+2g/L BSA). The amylase activity remained in 1D-AAC was similar 

(0.4U/L) in both Delft+1g/L BSA and Delft+2g/L BSA. Based on this analysis, we are 

confident that the reduction on amylase activity was mainly resulted from endocytosis but not 

proteolysis. 

After confirming the effect of VTA1S196I to promote endocytosis, we further proposed that 

the structural stabilization of this protein may have been changed due to mutation from a 
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polar uncharged serine to a non-polar hydrophobic isoleucine on the linker region where a 

series of neutral or polar amino acids (Asp192, His193, Gln194, Thr195, Ser196 and Asp197) 

reside. A more favorable configuration for Vta1p’s interaction with the client proteins, 

especially Vps4p, may have been created through which the late endosome sorting process is 

also accelerated. A faster recycling of the nutrients through subsequent degradation in the 

vacuole is hence expected for amino acid biosynthesis (for protein) as well as for cell growth. 

 

 

Figure 11. Effect of VTA1S196I mutation on amylase production in Delft medium supplemented 

with BSA.  (A) Growth profiles. (B) Amylase productions. 

We also performed transcriptome analysis (Figure 12) as a complement to the genomic 

variant identification analysis in order to get a global view of the transcriptional changes 

associated with the improved amylase production caused by UV mutagenesis.  
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Figure 12. Reporter TF analysis. (A) amylase producing strains AAC, M1052 and M715 compared 

to the non-producing strain NC. (B) mutation strains M1052 and M715 compared to the mother strain 

AAC. 

Most genes related to stress responses, such as genes regulated by oxidative stress 

(transcriptionally regulated by Yap1p), osmotic stress (regulated by Hog1p), and general 

stress (regulated by Msn2p and Msn4p) were up-regulated (Figure 12A) when comparing all 

amylase producing strains AAC, M715 and M1052 against the non-producing strain NC, 

indicating that increased protein production resulted in the induction of cellular stress 

responses. In contrast, the same classes of genes were down-regulated (Figure 12B) when 

comparing mutant strains M715 and M1052 with the non-mutated amylase producing strain 

AAC, suggesting that the mutations existing in the mutant strains contributed to a reduction 

of cellular stress induced by RPP.  

Interestingly, genes regulated by Gcn4p, which regulates amino acid biosynthesis during 

amino acid starvation, were significantly up-regulated in M1052 but down-regulated in M715 

when they are compared to both NC and AAC. A high recombinant protein producing strain 

has an increasing demand for amino acids. The up-regulation of amino acid biosynthesis 

genes in M1052 may be due to a response to certain amino acid starvation. Down-regulation 

of amino acid biosynthesis has been noticed in a HAC1 deletion strains producing 

recombinant amylase and insulin precursor where the UPR-ensured efficient protein folding 

was affected (Tyo et al., 2012). One possibility could be that the increased amylase 
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production in the glucose phase caused perturbation in the UPR and thus generating similar 

responses as observed in a HAC1 deletion strain. 

4.3 Paper III. Oxygen sensing vs. protein production in S. cerevisiae 

Oxygen is an important element associated with normal cellular metabolism as well as 

protein production in a role to assist oxidative protein folding. However, several studies have 

reported that anaerobic conditions seem to be more favorable in terms of producing 

recombinant proteins. For example, low oxygen availability has been proven to promote 

recombinant α-amylase (Liu et al., 2013) and glucoamylase (Cha et al., 1997) production in S. 

cerevisiae and on human Fab fragment production in P. pastoris (Baumann et al., 2011; 

Baumann et al., 2007; Cha et al., 1997). 

Rox1p is a heme-dependent transcription factor that represses the transcription of many 

hypoxia-induced genes under aerobic conditions (Kwast et al., 1997; Kwast et al., 2002; Ter 

Linde and Steensma, 2002). About one-third of the anaerobically induced genes contain a 

putative Rox1p binding site in their promoter regions (Kwast et al., 2002). We hence studied 

the effect of knocking out ROX1 on the production of recombinant proteins in S. cerevisiae.  

 

Figure 13. Aerobic batch fermentations of α-amylase producing strains. A) α-amylase volumetric 

yields. B) Biomass accumulations. WT-Amy: control strain producing amylase; ΔROX1-Amy: rox1Δ 

strain producing amylase.   
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Table 1. Physiological parameters of α-amylase producing strains. 

 Strain µmax
a
  YSE

b
 YSG

c
 YSX

e
 YSamy

f
 YXamy

g
 YXamy

h
 Qamy

i
 

WT-Amy 0.33±0.002 0.37±0.008 0.05±0.003 0.122±0.001 0.461±0.05 3.79±0.45 5.89±0.18 1.23±0.14 

ΔROX1-

Amy 
0.31±0.004 0.35±0.005 0.08±0.003 0.122±0.002 0.746±0.03 7.14±0.34 10.2±0.9 2.23±0.12 

a
µmax, specific growth rate on glucose (h

-1
); 

b
YSE, ethanol yield on glucose (g/g); 

c
YSG, glycerol yield on 

glucose (g/g);
 e
YSX, biomass yield on glucose (g/g); 

f
YSamy, α-amylase yield on glucose (mg/g);

 g
YXamy, 

α-amylase yield on biomass during glucose phase (mg/g); 
h
YXamy, α-amylase yield on biomass during 

ethanol/acetate phase (mg/g); 
i
Qamy, α-amylase specific production rate (mg/g/h) 

Intriguingly, we found a 100% increase in the α-amylase yield as well as productivity without 

obvious reduction on cell growth (Figure 13 and Table 1). Varied levels of improvements 

were also observed for the productions of insulin precursor (IP) and endogenous invertase. 

Through transcriptomic analysis, we noticed ANB1, coding the anaerobically induced 

translational elongation factor, was significantly up-regulated in the ΔROX1-Amy strain 

compared to the WT-Amy strain. Since translation is the first step in protein production, we 

performed overexpression and deletion experiments to evaluate the effect of Anb1p on 

protein production.  

 

Figure 14. Effects of Anb1 on α-amylase production. (A). α-amylase production in the Anb1p 

(WT-Amy-Anb1) co-overexpression strain compared to the control strain (WT-Amy-C). (B). α-

amylase production in the WT strain (WT-Amy), the ROX1 deletion strain (ΔROX1-Amy) and the 

ROX1 and ANB1 double deletion strain (ΔROX1ΔANB1-Amy).  

Shown in Figure 14, over-expression of ANB1 resulted in a slight improvement in amylase 

production (12.7% at 72h in shake flask) but the deletion of ANB1 reduced amylase 

production significantly (39% reduction on ΔROX1ΔANB1-Amy compared to ΔROX1-
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Amy). These results indicated that the increased expression of ANB1 may have an important 

role in amylase production, but it is not likely to be the only important regulator. 

Furthermore, we noticed the GO terms (Figure 15A) related to lipid/ergosterol biosynthesis, 

structural constituent of cell wall and heme biosynthesis were significantly up-regulated. 

Accordingly, reporter TF (Figure 15B) analysis shows genes regulated by Upc2p (lipid/sterol 

biosynthesis, anaerobic cell wall mannoproteins) were significantly up-regulated. After 

disrupting the cell wall, we found the intracellular amylase contents in the two strains were of 

similar level, although slightly higher in the ΔROX1-Amy strain, suggesting the cell wall 

mannoproteins contributed to amylase secretion. 

 

Figure 15. Reporter GO term and Reporter TF analysis. (A). Reporter GO term. Reporter p-

value<10
-6

.  (B). Reporter TF. Reporter p-value<10
-3

. 

Furthermore, we extracted lipid classes and measured their concentrations in the two cell 

types. There was an overall enhancement on the contents of all the lipid classes measured, 

including phospholipids, neutral lipids steryl esters (SE) and triacylglycerols (TAG) in the 

ΔROX1-Amy cells compared to the WT-Amy cells. Besides, the fatty acids contents were 

also varied between the two strains. We therefore speculated that the composition of lipids 

might have a role in the composition and function of membranes that play essential roles 

during protein secretion, such as the ER membrane, membranes of Golgi and the trafficking 

vesicles, as well as the cell plasma membrane. 
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Specifically, since phospholipids account for main compositions of cell PM, we checked cell 

morphology by flow cytometry as well as microscope. 

 

Figure 16. Flow cytometry estimation of cell size and intracellular cell densities. WT-Amy: 

reference strain expressing amylase; ΔROX1-Amy: rox1Δ strain expressing amylase; WT-Emp: 

reference strain containing empty vector; ΔROX1-Emp: rox1Δ strain containing empty vector. We 

illustrate schematically our speculations on cell sizes and the amount of α-amylase and vesicles aside. 

Indicated in Figure 16 by the forward scatter intensity (f.i), after deleting ROX1, cell size 

reduced significantly (ΔROX1-Emp, f.i: 2199< WT-Emp, f.i: 2643, p<10
-6

), however, when 

amylase was overexpressed, the cells increased “back” in size with ΔROX1-Amy (f.i: 2758) 

reaching even similar size as WT-Amy (f.i: 2746). Any internal and surface irregularities, 

including cytoplasmic granules, vesicles, and other organelles and membrane roughness will 

typically contribute to side scatter signals (51). Indicated by relative side scatter intensity (s.i), 

cell density increased significantly in the ROX1 deleting cells (ΔROX1-Emp, s.i: 3360 > WT-

Emp, s.i: 3105, p<10
-2

) as well as in the amylase overproducing cells (WT-Amy, s.i: 3322 > 

WT-Emp, p<10
-3

). The strain with both ROX1 deletion and amylase overexpression 

(ΔROX1-Amy, s.i: 3916) exhibited the highest cell granularity. The increased lipid contents 

in the cells may very likely contribute to the increased cell density, in the form of lipid 

particles (SE and TAG) and in the enrichment of secretory vesicles. It is possible to envisage 

that the efficiency of protein secretion is also increased due to presence of more secretory 

vesicles in the ΔROX1-Amy strain.  

In conclusion, we suggest in this study that the increased secretion efficiency in the ROX1 

deletion strain is due to a synergistic effect caused by derepression of Rox1p targets, 

including (i) Anb1p (translation and protein synthesis), (ii) lipid composition (membranes of 

compartments and vesicles involved in secretion), as well as (iii) mannoproteins on the cell 
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wall, even though it is not possible to conclude exactly to what extent the change in the 

membranes (due to changes in the lipid metabolism), including the vesicular transport, or the 

change in the cell wall composition (mannoproteins) contribute the most to the observed 

phenotype of increased protein secretion in the ROX1 deletion strain. 

4.4 Paper IV. Secretory machinery reconstruction in A. oryzae 

Even though the high capacity of the secretion machinery of filamentous fungi has been 

widely exploited for the production of homologous and heterologous proteins, systemic 

analysis of its secretion system is lacking, most likely due to the poorly annotated proteome. 

In paper IV, using comparative genomics approaches, the list of the functional components 

involved in the secretory machinery of A. oryzae was enriched to cover 389 proteins. The 

resources include i) a previously reported secretory model of S. cerevisiae, ii) functional 

components reported in other closely related fungal species such as A. nidulans and A. niger, 

and iii) formerly reported A. oryzae secretory components.  

In order to evaluate the component list, and trace the secretory machinery response, we 

constructed two novel A. oryzae α-amylase over-producing strains A16 and CF32. Together 

with an earlier reported high α-amylase producer CF1.1 (Pedersen et al., 1999; Spohr et al., 

1998) their performances on maltose medium were compared with the reference strain A1560 

(Christensen et al., 1988) which produces basal level of amylase.  

 

Figure 17. Physiological parameters of the α-amylase producing strains in batch cultivations. (A) 

Specific growth rate on maltose (h
-1

), (B) Maxium α-amylase titer (mg/L) (C) Average α-amylase 

yield (mg/g DCW), (D) Average specific α-amylase productivity (mg/g DCW/h). 
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Figure 17 shows the physiological parameters for the α-amylase producing strains in batch 

fermentation in maltose medium.  The three recombinant strains grew slower than the 

reference strain A1560, with CF32 grew the slowest, followed by A16 and then CF1.1. CF32 

and A16 had the highest average yields and final titers. In consideration of the growth rate, 

A16 appeared to be the best strain as it exhibited the highest productivity.  

We studied the transcriptional responses of these strains to α-amylase production using 

microarray. After normalization and statistical analysis we found 1212, 653 and 1709 genes 

to be differentially (adj. p-value < 0.05) expressed when comparing A16, CF1.1 and CF32 to 

A1560. Figure 18 presents the global transcriptional responses. Many genes with GO-term 

annotations related to protein secretion were significantly up-regulated in all three 

comparisons, including protein N-linked glycosylation, ER translocation and folding, signal 

peptide processing, ER to Golgi and the retrograde Golgi to ER vesicle trafficking etc. The 

down-regulated GO-terms are mainly related to amino acid biosynthesis, which could be due 

to the feedback inhibition from overloaded proteins in the ER.  

 

Figure 18. Reporter GO-terms for the three α-amylase over-producing strains compared to the 

wild type A1560. Red color indicates that the genes belonging to the GO-term are up-regulated and 

blue color indicates down-regulation. The intensity corresponds to significance. GO-terms with 

reporter p-values smaller than 10
-4

 are indicated by asterisks.  
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To get a detailed mechanistic picture of the protein secretory response at the molecular level 

we mapped the gene transcriptional profiles to the reconstructed A. oryzae secretory 

machinery. With the most complete secretory component list, we are able to monitor the 

transcriptional response of the secretory machinery to the ultimate extend. 51 out of the 369 

components were significantly changed (adj p <0.05) in all three comparisons. Their 

expression profiles are described in Figure 19 based on their classification in the defined 

subsystems.  

Clearly, in comparison with the reference strain A1560, the subsystems responsible for the α-

amylase PTMs, especially the components involved in ER processing (translocation, 

glycosylation, Dolichol pathway, Folding, UPR, ERAD, GPI biosynthesis, and trafficking 

between ER and Golgi) were significantly up-regulated, particularly in the CF32 strain which 

had the slowest growth compared to the other strains. There are several novel secretory 

components identified through blast search with the yeast secretory components, including 

homologs to yeast ERD2 (AO090102000650), YOS9 (AO090023000334), JEM1 

(AO090020000010), MNS1 (AO090003000057) and GAB1 (AO090023000750), among 

which we found the up-regulation of the ERD2 homolog is very interesting. Erd2p mediates 

retrieval of the ER residential proteins such as Bip1p, Pdi1p, Ero1p, and Fkb2p, from the 

Golgi through binding of the ERD2 receptor to the C-terminal peptide sequence HEDL on 

these soluble ER proteins (Semenza et al., 1990). In yeast, this process has been suggested as 

non-essential as it shares functional redundancy with Ire1p for maintaining normal levels of 

ER residential proteins (Beh and RoSE, 1995). We found the transcriptional level of IRE1 

homolog in A. oryzae was not changed in all the three overproducing strains, which may 

indicate that A. oryzae has a different mechanism to retrieve ER residential proteins than 

yeast, and the A. oryzae homolog of ERD2 seems to play a more important role than the A. 

oryzae homolog of yeast IRE1. Additionally, the transcript level of the HAC1 homolog was 

also not changed, while the folding chaperones including homologs of CNE1, KAR2, PDI1, 

MPD1, FKP2 and the KAR2’s co-chaperones SCJ1 and JEM1 were all significantly up-

regulated. This may indicate that the IRE1-mediated HAC1 splicing is not the only 

mechanism for activating UPR in A. oryzae. 
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Figure 19. Transcriptional profiles of the significantly changed genes in all three strains 

compared to the wild type. Gene expressions are described based on log fold change compared to 

A1560, with red color indicates up-regulation and blue color indicates down-regulation. Genes 

identified from the secretome study are highlighted in bolds. 

The transcriptional response of the secretome to a specific heterologous protein is important 

in a sense that if the target protein overloads the secretory machinery, the cell probably needs 

to change its secretome profile to adapt to the processing capacity of the secretory machinery. 

To examine this idea we extracted the putative A. oryzae secretome from the Fungal 

Secretome Database (FSD) and compared their expression profiles in response to amylase 

overproduction in the three strains compared to the wild type A1560. 

Reporter GO-Slim enrichment analysis (Figure 20) roughly clustered the putative secretome 

into two groups, with genes encoding secretory proteins localized to the ER, the Golgi 

apparatus, the cytoplasm and the membranes distinctively up-regulated in all three 

comparisons. The genes encoding proteins secreted to the extracellular region, the vacuole 

and the cell wall were either significantly up- or down- regulated, which shows that the 

endogenously secreted proteins are responding to the over-expression of α-amylase.   
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Figure 20. Reporter GO-Slim analysis for the secretome genes.  Red color indicates that the genes 

belonging to the GO-Slim term are up-regulated and blue color indicates down-regulation. GO-Slim 

terms with reporter p-values smaller than 0.05 are indicated by asterisks.  

Interestingly, we found two genes predicted to reside in the fungal cell wall namely 

AO090011000119 (homolog of A. niger cwpA) and AO090701000717 (homolog of A. 

nidulans eglD) were significantly up-regulated in all three strains. eglD encodes a putative 

endoglucanase discovered in the conidial cell wall of A. nidulans carrying an expansin like 

domain (Bouzarelou et al., 2008). Expansins exhibit wall loosening activity and are involved 

in plant cell expansion and other developmental events. The expansins are highly conserved 

among plants and fungi (Cosgrove, 2000). EglD in A. nidulans has been indicated to be 

involved in fungal cell wall remodeling during germination (Bouzarelou et al., 2008). The 

significant up-regulation of the eglD A. oryzae homolog AO090701000717 in the α-amylase 

overproduction strains might be the consequence of α-amylase overloading to the secretory 

pathway. Remodeling of the cell wall through eglD up-regulation may possibly help to loose 

cell wall structure and facilitate α-amylase secretion. There is no direct explanation for the 
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up-regulation of the cwpA, however since the surface properties of fungi are primarily 

determined by the presence of cell wall mannoproteins (De Groot et al., 2005), the expression 

of cwpA may also be altered in response to eglD up-regulation to facilitate the remodeling of 

the fungal cell wall and ultimately the protein secretion.  

In conclusion, by providing a far more complete secretory component list of A. oryzae we 

were able to monitor the whole secretory pathway at molecular level in response to α-

amylase overproductions. The defined A. oryzae component list offers a better platform to 

trace the secretory machinery responses on genomics (gene variation), transcriptomics, and 

proteomics levels, based on which we discussed several interesting mechanisms in response 

to α-amylase overproduction. Additionally, this study generated a list of targets for genetic 

manipulation. For example, overexpressing the up-regulated eglD and cwpA encoding cell 

wall proteins, and knocking out the genes encoding extracellular proteins competing for the 

secretory pathway may help to increase protein secretion in this industrially important fungus.   
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V. Summary and Perspectives 

Current strategies for engineering protein secretion mainly involve i) increasing protein 

expression, ii) engineering protein folding and quality control in ER, iii) engineering post-

translational glycosylation, iv) engineering protein trafficking pathway, v) minimizing post-

secretory proteolytic degradation (Idiris et al., 2010).  

In this thesis, by applying systems biology approaches we extended the strategy list for 

improving heterologous protein productions in both fungi. Specifically, in paper II, we 

demonstrated that enhancing endocytosis through gene modification on the MVB pathway 

may play a role in improving protein secretion. One distinct advantage associated with this 

VTA1S196S mediated endocytosis enhancement is that not only the volumetric yield of α-

amylase but also the cell growth was promoted. With adequate nutrients, especially in the 

industrially preferred fed-batch fermentations, we could expect a continuously high 

production of the protein of interest. In paper III, we demonstrated a novel strategy to 

improve protein production under aerobic cultivation by knocking out ROX1. This approach 

offers an ideal strategy to overcome the disadvantages associated with anaerobic 

fermentations e.g. supplementation of anaerobic growth factors and slow growth for 

improving heterologous protein productions in S. cerevisiae.  In paper IV, we studied the 

transcriptome of high amylase producing A. oryzae strains, through which we proposed 

several strategies to improve protein production in this industrially important organism, 

including overexpressing the up-regulated cell wall proteins EglD and CwpA and knocking 

out the genes encoding extracellular proteins competing for the secretory pathway.  

Aside from the demonstrated successes for improving protein productions, there have also 

been many interesting phenomena that are worth discussing and pointing to further 

investigations.  

1. How do physiological parameters affect protein production during batch 

fermentations? 

Two physiological parameters, namely the specific growth rate and the glycerol yield have 

been noticed to be especially sensitive to recombinant protein productions. Except for the 

increased growth in the endocytosis enhanced cells (Paper II), strain growth was always 

slower in the better recombinant protein producing strains compared with the reference 

strains in this thesis. One reasonable speculation could be that the recombinant proteins 

compete for both nutrients (e.g. carbon for amino acid synthesis) and cellular machineries 

(e.g. transcription and translation) with the native proteins that catalyse reactions important 

for normal cellular metabolism leading to impaired cell growth and reduced biomass 

formation. Considering this, enhanced endocytosis offers an effective way to fasten nutrient 

uptake and recycling, enabling delivery of more resources for both requirements. 
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Glycerol yield was usually higher in the better RPP strains than in the reference strain. Amino 

acid biosynthesis generates a large amounts of cytosolic NADH (Rigoulet et al., 2004) which 

need to be neutralized to reduce cellular stress. Production of one mole of glycerol from 

glucose consumes one mole of NADH offering an effective means to balance the redox. 

During aerobic cultivations, oxygen consumption rate for protein production is usually high 

(Tyo et al., 2012). If the oxygen supply is insufficient during oxidative protein folding, the 

cell may have to produce glycerol to oxidize cytosolic NADH. Under anaerobic conditions, 

glycerol production is naturally high (van Dijken and Scheffers, 1986), which may provide 

better redox hemostasis environment for the cells to cope with overproduced proteins.  

2. How does heme level influence respiration?  Is there a competition between 

respiration and hemoglobin for heme molecules?  

Heme is involved in many cellular processes, including oxygen sensing, forming 

hemoproteins such as catalases and P450 enzymes, and assisting electron transfer during 

oxidative protein folding and respiration etc. The extraction by oxalic acid mainly functions 

for cytosolic porphyrin/heme (either free or protein-bound). We observed a negative 

correlation between porphyrins/heme/hemoglobin levels and respiration in the best 

hemoglobin producing strain in Paper I, indicating that respiration is competing for heme 

molecules with hemoglobin. This assumption was further supported by overexpressing the 

heme and globin constructs in a HAP1 deletion strain (Paper VI, not included in this thesis). 

In this strain both heme and hemoglobin levels were significantly enhanced, however, in 

contrast, the HAP1 deletion strain was not able to respire. Since Hap1p regulates many 

cytochrome synthesis genes (e.g. CYC1 and CYT1) by directly binding to their upstream 

regulatory regions (Schneider and Guarente, 1991), deleting HAP1 results in respiration 

defect as the strain is not able to synthesis these essential enzymes in the electron transport 

chain. Consequently, the heme pool was shifted to synthesis of hemoglobin and other 

hemoproteins. 

It could be an opposite scenario in the ROX1 deletion strain though, as Rox1p functions as a 

repressor but not activator and by knocking it out genes repressed under aerobic conditions 

are activated, among which HEM13, HEM14, COX5b and CYC7 are included. The heme 

level is thus expected to increase and the respiration may be even intensified. Actually, many 

genes on the complex IV of the mitochondria respiration chain were up-regulated in the 

ΔROX1-Amy strain. In this sense, the ΔROX1-Amy strain not only benefits from anaerobic 

metabolism (as discussed in paper III for enhancing protein production), but also from an 

intensified aerobic metabolism (in terms of maintaining decent metabolism and growth). 

3. Endogenous invertase as an indicator to study protein secretion. 

Different proteins require different mechanisms to cope with their productions. For example, 

protein has many disulfide bonds may need more efficient oxidative folding in ER. In the 
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ΔROX1-Amy strain, genes essential for UPR (KAR2, HAC1 and IRE1) and oxidative folding 

(ERO1, PDI1, and ERV1) were not differentially expressed compared to WT-Amy, indicating 

that more efficient folding in ER was not the main reason for the significant improvement on 

α-amylase production in the ΔROX1-Amy strain (even though there was slight up-regulation 

with EUG1 and ERV2 which are homologs of PDI1 and ERV1 respectively, that may help 

amylase folding). Since invertase does not contain any disulfide bonds (thus does not need an 

effective oxidative folding), while its production was also improved in the ΔROX1-Amy 

strain, we could push our speculation further to the post-ER processes (as discussed in the 

paper), which is in good connection with previous studies demonstrating the importance of 

engineering post-ER vesicle trafficking for enhancing RPP in yeast (Hou et al., 2012b; 

Ruohonen et al., 1997).  

4. Opening for future projects 

As we applied systems biology approaches to study strain behaviors in paper II, III and IV, 

large scale datasets are involved to understand strain behaviors and identify engineering 

targets. This thesis work hence generated many opportunities for further improving strain 

performance. For example, besides the targets mentioned in paper IV for A. oryzae, there are 

more SNVs and INDELs on the coding and upstream regulatory regions of many others 

genes identified through genome sequencing in Paper II. In combination with literature 

review and the transcriptome data, more targets could be proposed for inverse metabolic 

engineering. 

In addition to oxidative protein folding, ROS may be generated from mitochondria 

respiration, sterol and unsaturated fatty acid biosynthesis and many more processes. In paper 

III, we used Dihydrorhodamine 123 to stain the ROS containing cells, and found that the 

ROS level in the ROX1 deletion strain is much higher than in the reference cells. Interestingly, 

with amylase produced, the ROS level seems to be reduced (ROS: ΔROX1> ΔROX1-

Amy>WT-Amy (Data not shown)). As mentioned, amino acid biosynthesis generates large 

amount of NADH. Is the reduced ROS in amylase producing strains due to NADH 

neutralization? It may be interesting to check how redox is balanced in the ΔROX1-Amy 

strain and how this may contribute to improve protein production. It may also be interesting 

to check how the ΔROX1-Amy strain behaves under anaerobic conditions.  

In conclusion, this thesis work has generated a series of vector and host platforms, provided 

deeper understanding of the protein production mechanisms, and proposed promising targets 

for future engineering. 
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