Review

Pharmaceutical
BIOPROCESSING

by

Biopharmaceutical protein production by
Saccharomyces cerevisiae: current state and

future prospects

In the past few decades there has been an increasing demand of biopharmaceutical
proteins in the market. Several types of cell factories are applied to produce different
pharmaceutical proteins. However, manufacturers prefer to use a few favorable
biological platforms to undertake the production tasks with low cost, high productivity
and proper post-translational modifications. The yeast Saccharomyces cerevisiae is
one of these preferred cell factories as it meets many of the requirements. There are
several reports on improvement of recombinant protein production by S. cerevisiae
through rational engineering of different stages of the protein secretion pathway.
However, recent developments of new technologies like systems biology and synthetic
biology open new doors to design S. cerevisiae as an ideal production platform.

Market demand, policy support

In the past half century great progress in
our ability to produce advanced medicines
has contributed to improving the health and
longevity of people. Pharmaceutical proteins
represent one of the fast growing groups
of medicines and currently play an impor-
tant role in treatment of many diseases [1].
Molecular biology techniques, developed in
the 1970s, open a new gate to production of
pharmaceutical proteins (often referred to as
biopharmaceuticals) as these proteins could be
produced by cell factories in a correct form,
in high purity and in a scalable fashion [23].
Following the first biopharmaceutical, human
insulin, which was approved in the market
in 1982, hundreds of biopharmaceutical pro-
teins have been launched over the past three
decades and many more are under clinical
trials 2. Biopharmaceuticals represent 25%
of commercial pharmaceuticals and account
for approximately 40% of the total pharma-
ceutical sales [45] . Total biopharmaceutical
sales reached approximately US$125 billion
in 2012, which doubled from approximately
$64 billion in 2006 [6]. Compared with sales
in 2011 most of the biopharmaceuticals have
achieved significant growth in sales. The top
three categories, anti-TNF antibodies, cancer

antibodies and insulin and insulin analogs,
represented more than half of the sales with
a 10-20% annual growth rate (Figure 1) [7].
With the knowledge and technology develop-
ment, less conservative attitudes towards bio-
pharmaceuticals from the US FDA and Euro-
pean Medicines Agency have also stimulated
the biopharmaceutical industry.

Platforms for production of
pharmaceutical proteins

In theory, from prokaryotes to eukary-
otes, from single cell to multicell organ-
isms, including bacteria, yeasts, insect cells,
mammalian cells, plants and animals, there
are many expression systems that can be
employed for production of recombinant
proteins for different applications [8.9]. How-
ever, from an industrial point of view, in
consideration of product quality, production
timescale, scale-up capacity and downstream
processing, mammalian cells, Escherichia
coli and Saccharomyces cerevisiae are the most
commonly used biopharmaceutical expres-
sion systems, by which 43%, 31% and 15%
of biopharmaceuticals are produced, respec-
tively [2.10]. In the last few years two biophar-
macueticals produced by Pichia pastoris have

been approved by US FDA, and several oth-
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N-glycosylation: Describes an important and conserved
post-translational modification manner for protein; the
glycan is linked to the carboxamido nitrogen on asparagine
residue within the conserved motif (asparagine — X —
serine/threonine) of the target protein, where X is any
amino acid except proline.

Protein misfolding and aggregation: Many
neurodegenerative diseases are caused by the
accumulation of misfolded proteins, such as Alzheimer's
disease, Parkinson'’s disease and Huntington'’s disease.

ers are in the pipeline to be approved, which makes
P. pastoris an important alternative expression system
for biopharmaceutical production [11].

which allow human-like
N-glycosylation, can produce properly glycoproteins,
which have correct function and show good pharmaco-
kinetics in vivo [3.12]. However, these cells are not very
resistant to bioprocessing, and the medium required for
mammalian cell cultures is complex and more expensive
than that for microorganisms [13]. . coli was the expres-

Mammalian  cells,

sion system for the first FDA-approved rDNA phar-
maceutical — human insulin in 1982. Simple medium,
easy culture condition and high cell density cultivation
combined with rapid growth and protein production
rates makes E. coli a good expression system for produc-
tion of biopharmaceuticals [14.15]. However, poor protein
folding capacity and limitation in its secretion capac-
ity limits its application in some cases [14,16]. S. cerevi-
siae, a single-cell eukaryotic organism, has bacteria and
eukaryotes characteristics — it is easy to culture, grows
fast, can give high productivity, can give high density
fermentations [17), can ensure proper protein folding
and post-translational modifications (PTMs) (18], and
it can secrete the product to the extracellular medium
which simplifies purification [41920]. Moreover, as a
generally recognized as safe (GRAS) organism, free of
pyrogens also makes S. cerevisiae a favorable expression
system for biopharmaceutical production [16]. Here, we
will mainly discuss biopharmacecutical protein produc-
tion by S. cerevisiae and methods for improving protein
production properties of S. cerevisiae.
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Figure 1. Sales of biopharmaceuticals in 2012. The size of the circles represents sales; the color of the circles represents the
percentage change from 2011, red: <-5%; purple: -5% to 5%; blue: 5% to 20%; green: >20%.

Data taken from [7].
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Biopharmaceutical protein production by Saccharomyces cerevisiae

Current state & recent advances in
production of biopharmaceutical proteins by
S. cerevisiae

Advantages by using S. cerevisiae for
pharmaceutical proteins production

S. cerevisiae, the most widely used yeast for recombi-
nant protein production, has a long history in indus-
trial food application due to its GRAS status. It has the
dual characteristic of being a unicellular and eukary-
otic organism [21]. As a unicellular microbial organ-
ism, it is easy to culture, grows fast, has resistance and
tolerance to chemical and secondary metabolites, and
adjusts well to industrial processing [22]. It has com-
plete sub-cellular organelles and membrane-bound
compartments, including nucleus, endoplasmic reticu-
lum, Golgi apparatus, vesicles, vacuoles, mitochondria
and microbodies [10], and it is therefore able to correctly
produce and fold many eukaryotic proteins (including
human proteins) as well as perform proper PTMs of
such proteins, e.g. proteolytic processing of signal pep-
tides, disulfide bond formation, subunit assembly, acyl-
ation and glycosylation [2]. The PTM:s are a key point
for a biological active protein and it is as important as
the correct amino acid sequences [23]. Proper PTMs
will maintain correct secondary structures of proteins
and/or their active catalytic sites. Another advantage
of S. cerevisae for production of biopharmaceuticals is
that the proteins can be secreted out by cells, which
significantly reduces the costs for downstream puri-
fication [2]. By-products not only reduce the yields of
desire protein by consuming substrate and energy, but
accumulation of by-products during fermentation also
may cause denaturation of biopharmaceuticals and
increase purification costs. It is possible and necessary
to maximize production of protein by optimization of
fermentation processes in industrial manufacture [24].
Recently, a multivariate Bayesian predictive approach
was presented for identification of critical process
parameters and optimization of pharmaceutical protein
production by S. cerevisiae [25).

S. cerevisiae has also developed as an eukaryotic
model organism for studying diseases associated with
protein misfolding and aggregation, as the protein-
homeostasis networks and vesicular trafficking are
conserved between yeast and humans 2627]. S. cere-
visiae was the first eukaryotic organism whose whole
DNA was completely sequenced [28]. A huge amount
of information about this organism is available, and
a well-established molecular toolbox enables easy
genetic modifications. Different promoters with a wide
range of transcriptional activity are available and well
characterized, including the strong glycolytic promot-
ers like pTDH3, pPGKI1, pIPIl and pADHI, which

will maintain a constitutive and higher transcriptional

level 2. Unlike these constitutive expression pro-
moters, conditional induced promoters like pGALI,
pGAL7, pGALI10, pPHOS5 and pMET25 are also very
useful for production of biopharmaceuticals, which
hereby can be expressed in a regulated manner. For
example, high-level expression of human serum albu-
min (HSA) and HSA-fusion proteins will be triggered
by methionine depletion in the late log phase, if they
are under control of pMET25 promoter [29]. This can
enable separation of the growth phase and the protein
production phase which may be beneficial for prevent-
ing unintentional selection of more rapidly growing,
non-protein-expressing cells or for the production of
toxic proteins [29].

A comparison of S. cerevisiae with other expression
systems for biopharmaceuticals production based on
their industrial and biological characteristics is made
in Figure 2 [8,1130]; and it is clear that by combining
the advantages of bacteria and eukaryotic organisms,
S. cerevisiae is an attractive expression platform for
production of biopharmaceuticals.

Current state & recent advances

Dozens of pharmaceutical proteins, such as insulin, vac-
cines and blood factors, produced by S. cerevisae have
entered the market [4]. As of June 2012 there are 23
European Medicines Agency-approved rDNA biophar-
maceuticals produced by S. cerevisiae (Figure 3), and
several of these are blockbusters with sales exceeding $1
billion [731]. Being the first biopharmaceutical human
insulin became a typically representative for the suc-
cessful new biopharmaceutical industry. In 2012, the
sales of insulin and its analogs reached $18.92 billion (7],
and the sales are dominated by Novo Nordisk, Eli Lilly
and Sanofi-Aventis [32-34]. The leading producer Novo
Nordisk (with a 44% market share) is using S. cerevisiae
for production of insulin and insulin analogs; all of its
four brands are blockbusters, Novolog®/NovoRapid®,
Actrapid®, Levemir® and Novomix® with sales of $2.94,
$1.99, $1.72 and $1.65 billions of sales in 2012, respec-
tively (Figure 4). For Eli Lilly and Sanofi-Aventis, E. coli
is employed as a platform for production of their insulin
or insulin analogs.

Even though S. cerevisiae is a good platform for
biopharmaceuticals production, some of its properties
could be improved to meet the commercial production
requirements. The most direct and simplest thought is
to increase the capacity of protein secretion of S. cerevi-
stae. From a biological point of view, protein secretion
by S. cerevisiae, covering multiple steps in conversion
of DNA coding sequences to mature proteins, is com-
plex and involves many different levels of processing:
transcription, translation, translocation, post trans-
lational modifications and folding, peptide cleavage
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Figure 2. The criteria of the four expression systems. The cluster rules of assessment criteria are based on the
industrial extent and host intrinsic property, such as upfront and production cost, scale and risk, strain producing
capacities and safety. Due to the fast growth rate of Escherichia coli, it is widely used for production of small

and simple pharmaceutical proteins. However, there are some limitations for using this expression system.

For instance, the secretion of recombinant proteins is inefficient, which requires more complex downstream
purification process. And also it is difficult for E. coli to perform complicated PTM. On the contrary, CHO cell has a
high similarity to human cells, and this impart CHO cell lines a good ability to perform PTM of proteins for human
use. Nevertheless, CHO cell shows other disadvantages, such as low growth rate and high contamination risk,
which means that the manufacturers need to spend more time and money to maintain the production process,
and pay more attention and cost on the clearance and disinfection. Saccharomyces cerevisiae seems to be a good
compromise because of the fast growth rate, low cost of medium and downstream processing, low contamination
risk, and good secretory capacity. S. cerevisiae can carry out N-linked glycosylation modification with a high
mannose type, which is a different glycosylation manner than found in humans, and it therefore has limitation for
producing complex glycoproteins.

PTM: Post-translational modification.

Data taken from [8,11,30].

and additional glycosylation, sorting, and secretion increasing cell stress may couple with overexpression
(Figure 5) [35]. Each step represents an engineered tar-  of protein [36].

get for improving expression. Even activation of cell Increasing the gene copy number is an easy way to
stress responses could be considered as a possible way increase transcription. Two kinds of plasmids are com-
toward a cost-effective production process, due to the monly used in S. cerevisize. Centromeric plasmids,
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Figure 3. Platforms for production of European Medicines Agency-approved rDNA biopharmaceuticals.

(A) Cumulative numbers of platforms used for the production of European Medicines Agency-approved rDNA
biopharmaceuticals; (B) European Medicines Agency-approved biopharmaceuticals produced by Saccharomyces
cerevisiae, authorized year, company.

BPG: BioPartners GmbH; CPL: Canyon Pharmaceuticals Ltd; GSK: GlaxoSmithKline Biologicals SA; JCI: Janssen-
Cilag International NV; MSD: Merck Sharp & Dohme Ltd; NVO: Novo Nordisk A/S; SAG: Sanofi-aventis groupe;
SPM: Sanofi Pasteur MSD.

*This medicine is now withdrawn from use in the EU.
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NovoMix®;
1.65 billion

Levemir®,
1.72 billion

Insuman®; 0.10 billion
Apidra®; 0.17 billion

Actrapid®;
1.99 billion

Novolog®/NovoRapid®;
2.94 billion

Lantus®; 3.76 billion

Humulin®;
1.70 billion

Humalog®;
2.40 billion

Currency unit: US$

Figure 4. Sales of Insulin and Insulin analog in 2012.
Data taken from [32-34].

containing a yeast centromere sequence and an autono-  either the whole 2p1 sequence or partial 2p sequence
mously replicating sequence, maintain about one copy including both the replication origin (ori) and the REP3
number per cell [37]. 2pu-based plasmids, containing stability locus, maintain 10-40 copies per cell [38],
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Figure 5. Processing steps in protein secretion of eukaryotic cells. Protein secretion of eukaryotic cell is like
products production in a real factory. The DNA sequences coding of interested proteins is the product blueprint;
once the mRNA synthesis is ready, it could be used as template to guide polypeptide synthesis. The polypeptide
will be either co- or post-translationally translocated into the ER where there follows a series of modifications
(disulfide bond formation and ER-glycosylation). The correct folded polypeptides will be trafficked from the ER
to the Golgi apparatus via vesicles coated with COPII and here there will be carried out further post-translational
modifications and sorting. Finally, the mature proteins will be secreted out of the cell.

ER: Endoplasmic reticulum.
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SM protein: Sec1/Munc18-like (SM) protein, shaped like
clapes, regulates SNARE proteins and SNARE-mediated
membrane fusion.

SNARE: Composition by SNARE proteins for mediation of
vesicle fusion.

which are beneficial for high expression of proteins. It
should be noted that the whole 2 sequence plasmid
should be used in the cir” strain without native plas-
mid for avoiding recombination between heterologous
and native plasmids; the partial 2p plasmid should be
used in the cir* strain with native plasmid, which pro-
vides transacting factors (REP! and REP2) for keeping
plasmid stability [38]. Down-regulation of the selec-
tion marker gene combined with destabilization of the
marker protein results in higher copy number of 2pn
plasmids that can be used for further increasing protein
expression [39]. However, plasmid-based expression may
encounter problems such as segregational instability,
structural instability and allele segregation [40], which
are disadvantages in industrial application. Chromo-

some integration could avoid these problems, but single
copy gene is often not enough for high expression and
one will therefore typically integrate several copies of the
expression gene into the chromosome (41]. By utilization
of a multiple chromosome-integrated plasmid, 5-7 cop-
ies of human alpha-fetoprotein genes were integrated
into the S. cerevisiae chromosome resulting in success-
ful secretion of human alpha-fetoprotein to the culture
medium [42]. In case of cloning of large DNA fragments,
yeast artificial chromosomes may be useful [43).
Nascent peptides are involved in many processing
steps before secretion as mature proteins. Table 1 lists
some examples for improving biopharmaceuticals pro-
duction by engineering of the protein processing and
secretory pathway of S. cerevisiae. Protein folding in
correct conformation in the ER is very important as it
determines whether the protein is targeted for the secre-
tory pathway or whether it is assigned for ER-associated
degradation [44]. If the nascent peptide is synthesized
too fast, there is not enough time for the peptide to fold
correctly resulting in misfolding (45). This will cause
luminal burden resulting in ER stress, which lowers

Table 1. Examples of improving biopharmaceutical production by engineering of Saccharomyces

cerevisiae.
Protein Category Size Disulfide bonds/ Production  Host Production Ref.
(AA) N-glycosylation  level modification pathway affected
targets#
Hirudin Anticoagulants 65 3/0 1.149/l PDIT1+, EROT+ Disulfide bond [50]
36 mg/I BiP+ formation [49]
Regulate
unfolded protein
response
Human Blood factors 585 17/0 69/l SIL1+, LHS1+, Regulate the (19]
serum JEM1+ and ATPase cycle of
albumin SCJ1+ Kar2p
Human Blood factors 679  19/2 2.25 g/l PDI1+, YPS1-, Disulfide bond (69,70]
transferrins HSP150- formation,
Reduce protein
degradation
Insulin Hormone 51 3/0 85 mg/I SLY1+, SEC1+ ER to Golgi [61]
precursor 19 mg/I Mutant transport, [53]
HSF1+ exocytosis
Activate heat
shock response
Human Hormone 84 0/0 350 mg/I YPS1-, YPS2-, Reduce protein [66)
parathyroid YPS3-, YPS6-, degradation
hormone YPS7-
Glucagon Hormone 29 0/0 YPS1- Reduce protein [63]
degradation
sHBsAg Antigen 226 - 74.4 mg/I PDIT+ Disulfide bond [51]
formation
PDGF Human Growth 241 51 1.5 mg/l PDIT+ Disulfide bond [52]
Factor formation
-: Deletion or down regulation; +: Overexpression or up regulation; AA: Amino acid; sHBsAg: S domain of hepatitis B virus surface antigen.
172 Pharm. Bioprocess. (2014) 2(2) future science group f58




Biopharmaceutical protein production by Saccharomyces cerevisiae

the efficiency of protein synthesis, and ER processing
becomes a limited step. The ER luminal binding protein
(BiP, Kar2p in S. cerevisiae) is a chaperone belonging to
the member of the HSP70 family, and mediates protein
folding in the ER and export of soluble proteins [46,47].
It also participates in the ER-associated degradation and
regulates the unfolded protein response by interaction
with Irelp through controlling HACI activation [19.48].
The production of human serum albumin could be
increased by overexpression of SILI, LHSI, and JEM],
which regulate Kar2p in S. cerevisiae [19]. Antithrombotic
hirudin secretion by S. cerevisiae could also be enhanced
by overexpression of KAR2 [49]. Moreover, overexpres-
sion of PDII together with ERO1, which are responsible
for disulfide bond formation, also increases antithrom-
botic hirudin production by maintaining proper redox
balance in the ER [s0]. It seems that overexpression of
PDII is generally a good strategy for increasing protein
production; for example it is also benefit for production
of sHBsAg and PDGF in S. cerevisiae [51.52).

The heat shock response (HSR) is a well-ordered reac-
tion to environmental and physiological stress. Hun-
dreds of genes coding for molecular chaperones that
help protein folding will be elevated through activation
of a primary HSR transcription factor Heat shock fac-
tor (Hsf1p) [s3]. By overexpressing a mutant HSFI for
constitutively activating HSR, insulin precursor produc-
tion could be improved [s3]. Similarly, glycosylation, one
kind of post-translational modification, is as important
as the folding process as it affects protein folding, quality
control, protein stability and solubility [54,55]. Proper gly-
cosylation is required by many pharmaceutical proteins
for their full active biological function when applied to
human therapy. Although CHO cells are widely used to
produce glycoproteins with human-like N-glycosylation
patterns [s6], glycan structures are still not identical to
those of native human protein and may sometimes cause
immunogenic reactions [57]. S. cerevisiae can perform
glycosylation of proteins, but mainly in a high-mannose
manner, which is immunogenic [58). The ALG3 and
ALGI1 double mutant S. cerevisiae is disable to perform
its native high-mannose modification on the secre-
tory proteins; coexpression of mammalian GnTT and
GnTII in chis strain allows production of complex-type
human-like glycans [s9.60]. This enabled production of
the monoclonal antibody HyHEL-10 with humanized
N-glycans [59].

Heterologous protein production by S. cerevisiae
may not only be limited at the transcriptional, transla-
tional and PTM level. Thus, improving the trafficking
between different organelles could also enhance pro-
tein secretion. Overexpression of Seclp, which is a SM
protein regulating the soluble N-ethylmaleimide-sensi-
tive factor attachment protein receptor (SNARE) com-

plex, improves insulin secretion by helping the vesicle
trafficking from the Golgi to the cellular membrane
(61]. Overexpression of Kex2p, a Golgi associated endo-
peptidase, may facilitate the cleavage of pro-peptide
from pro-protein hence increase production of mature
protein [51]. The yapsins are a family of aspartic prote-
ases, which are located at the cell surface through gly-
cosyl-phosphatidylinositol anchoring, exhibit a com-
mon specificity cleavage activity at basic amino acid
residues of pro-proteins [62]. Some proteins are sensitive
to proteases, which will degrade proteins subsequently
and reduce the final production of proteins. The
Ypslp is a major protease for the aberrant proteolytic
processing, deletion of YPSI results in improving of
glucagon production in S. cerevisiae (63). Similar results
were observed for production of human parathyroid
hormone (hPTH) (64]. However, even though a YPS!
disrupted strain was used for production of hPTH, sig-
nificant proteolysis still appeared in the later stages of
fed-batch fermentation [¢5]. Multiple-yapsins-deficient
mutant strains were therefore constructed by deletion
of YPSI as well as YPS2, YPS3, YPS6 and YPS7, to
further reduce potential cleavages of pro-proteins. This
quintuple disruptant strain showed improved effi-
ciency in preventing proteolysis of hPTH in fed-batch
fermentation compared with the single deletion strain
(66]. Elimination of other kinds of proteinases may also
increase protein production. Deletion of the PRBI
gene, coding for vacuolar proteinase B [67], resulted in
a five-fold increase of the human mechano-growth fac-
tor titer [68].

Modification of several targets, overexpression of
PDII together with deletion of YPSI and HSPI50, has
been applied on engineering of S. cerevisiae for improv-
ing production of human transferrins and their qual-
ity [69.70]. Pdilp helps protein folding, hence improving
protein production in its correct conformation. YPS1
deficiency reduces the degradation of target protein.
Hspl50p is a secretory protein and will be co-puri-
fied with recombinant proteins. Deletion of HSPI50
could remove a potential contaminant and is therefore
beneficial for downstream purification. Method for
enhancing recombinant human albumin production
by overexpression of SILI, LHSI and JEMI was also
useful for increasing human transferrin production
(19]. Such multitargets strategy for improved proteins
production is favorable, it could release the limitation
at different levels and the combinatorial effects will be
accessed. A significant enhancement of intracellular
human hemoglobin production by yeast was achieved
by an optimal combination of heme group supply and
globin production through metabolic engineering of
heme biosynthetic pathway and altering two globin
subunits ratios at the same time [71].
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Key Term

RNA-seq: A technology utilizes next-generation
sequencing for full-length cDNA sequencing, which
provides comprehensive, quantitative result of complete
RNA portion of transcriptome.

Enhanced protein production by S. cerevisiae
using new technologies

Systems biology tools

An ideal expression platform is to convert substrate to
final product without the formation of any by-product;
however, no such expression platforms exist in nature.
Engineering of S. cerevisiae is a useful way to improve
its properties for production of proteins. Key questions
are which genes should be manipulated and to which
extent changes should be made. Literature reading or
preliminary experiments could provide some useful
information. However, due to the complexity of the
protein secretory machinery, a successful strategy used
for production of a certain protein sometimes is invalid
when applied for production of another protein [72].
Systems biology provides a global view of the physi-
ology and may involve the use of different -omics for
analysis (i.e., genomics, transcriptomics, proteomics,
metabolomics and fluxomics) [73-76].

Genetic information stored in the genome is the
most basic level for understanding higher-order bio-
logical systems. Even small changes in the genome
may influence cellular function or its products. With
well-developed DNA sequencing methods and bioin-
formatics, which are two major parts of genomics, it
is possible to relatively easy access the coding, func-
tion and structure of the genome [77]. Metabolic engi-
neering is a rational design-based method and widely
used for improving desired phenotypic properties [78].
However, the application may be limited if not enough
information is available. Unlike metabolic engineer-
ing, adaptive evolution can be used to obtain favorable
phenotypic strains even if there is not enough infor-
mation at first. Here one relies on the appearance of
random mutations in the chromosome and selection
of mutations contributing to a desired phenotype may
accumulate by imposing the cells under a specific selec-
tive pressure. High throughput deep DNA sequenc-
ing can be applied on the mutants, for identification
of beneficial mutations, and other omics (transcrip-
tomics and metabolomics) may assist in identifying
causal relationships between identified mutations and
the identified phenotype [79]. This approach may lead
to new insight into genotype-phenotype relationships
and hereby provide novel targets for metabolic engi-
neering. Similar to evolutionary engineering, mutants
with desired phenotype can be identified by random
mutagenesis generated by chemical or physical agents

followed by selective screening. Also here genomics
analysis combined with reverse metabolic engineer-
ing can be applied for improving performance of the
strains.

The transcriptome is a dynamic state of gene expres-
sion linking genotype to phenotype, which is affected
by or responding to the extra- and intra-cellular envi-
ronment [80]. The expression level of different genes
at the same condition or the same gene at different
conditions could vary several orders of magnitude;
and this can be used for quantifying gene activities
at different environmental conditions. Using a net-
work component analysis of transcriptome data from
microarrays, Contador er al. identified transcrip-
tion factors changed at different fermentation stages
when expressing a heterologous protein in S. cerevisiae
(81]. This assisted in gaining insight into the cellular
response to high level expression of proteins. RNA-seq
is a revolutionary quantitative approach for studying
transcriptomics, providing accurate measurement of
the transcriptome (82]. Compared with microarrays,
RNA-seq is a cost saving high-throughput sequencing
technology with precise resolution at the single base
pair; it barely relies on genomic sequence information
and it is able to distinguish between different isoforms
and allelic expression and has much larger dynamic
range for quantification of gene expression levels due
to low background noise [82]. Many novel transcribed
regions in yeast were identified by RNA-seq and hence
a more comprehensively map of the transcriptome was
obtained [83].

The entire protein properties, including protein quan-
tity, post-translational modification and interaction, are
described by proteomics [84-86]. Relationships between
the proteome and the transcriptome could help to iden-
tify cellular regulation mechanisms following transcrip-
tion [87]. A weak positive correlation of the quantity
between protein levels and corresponding mRNA lev-
els implied a variety in post-transcription processing of
mRNA. There can be many explanations for this, but
different codon composition of genes may lead to differ-
ences in codon usage hence contributes to variation in
translational efficiency, and it has been found that genes
with similar functions tend to have similar codon fre-
quencies resulting in similar correlations between pro-
tein and mRNA levels [87]. Proteomics could not only
be used as a validation of transcriptomics (by protein
quantity), but also provide information about PTM.
In many cases, PTM:s are essential for proteins to carry
out biological function and hence to regulate cellular
responses and module metabolism [88]. A recent study
highlighted the importance of PTMs in metabolic con-
trol and variant of life-history traits by using alcoholic
fermentation in S. cerevisiae as a model [89]. Most cel-
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lular processes in the cell are carried out or regulated by
multiprotein complexes (protein—-protein interaction)
rather than only by a single protein [90]. Building pro-
tein—protein interaction networks provides knowledge
to understand cellular function; an affinity purification
coupled with MS/MS method is useful to for analysis
of protein—protein interactions under near physiological
conditions [91].

The metabolome refers to the complete set of
metabolites that are generated by a biological sys-
tem. Metabolomics, systematic study of the metabo-
lome, could be used for construction of biochemical
networks in the organism [92]. Integrated with other
omics data, metabolomics can provide a more detailed
landscape of cellular processes and map the metabolic
pathways to reveal cellular states under different condi-
tions. Important metabolic nodes may be identified for
releasing the limitation in protein production. Thus, a
recombinant host Bacillus megaterium exhibited lower
GFP yield under large-scale fermentation condition
[93]. Quantitative analysis of metabolites (intracellu-
lar amino acids) revealed potential limitations in the
available of tryptophan, aspartate, histidine, glutamine
and lysine as precursors during large-scale fermenta-
tion; additional supplementation of these amino acids
to the medium resulted in increased GFP produc-
tion [93]. Metabolic fluxes are the rates of metabolites
passing through metabolic pathways or reactions in a
biological system. Fluxomics, genome-scale measure-
ment of metabolic fluxes, is a dynamic reflection of
how the cells are processing carbon and energy sources
and combined with transcriptomics, proteomics and
metabolomics it is a powerful technique for gaining
insight into regulation of metabolism [94]. Thus, by
integrating transcriptome, fluxome and metabolome
dara, detailed kinetic models could be established and
this could be used for understanding and predicting the
behavior of S. cerevisiae under different environments
or stresses [95].

A recent study described a genome-scale model for
the protein secretory machinery in S. cerevisiae [96).
This model, consisting of 163 core components in
the secretory machinery and 137 reactions, was con-
structed by using a bottom-up approach. To reduce
the complexity, the machinery was divided into 16
subsystems, which covered all the secretory machin-
ery processes. Seven secretory-related features about all
proteins from the complete yeast proteome (5882 pro-
teins) were extracted and condensed into the so-called
yeast Protein Specific Information Matrix. Proteins
were also assorted into 186 secretory classes, based on
the possible combinations of the seven secretory-related
features. With the information of reactions and secre-
tory classes, protein specific reaction in the secretory

pathway could be generated. 1197 potential ER-Golgi
secretory proteins were calculated and a genome-scale
protein specific reaction list for 552 of these proteins
was obtained (a total of 11,684 reactions). This model
helps in understanding the protein secretory machin-
ery not only in yeast but also in other eukaryotic
organisms. More importantly, it could help to estimate
the energy and metabolic demand in the secretory
machinery and hereby evaluate metabolic engineering
targets for improving protein secretion. Integration of
multi-omics data into this model may lead to a better
understanding of the secretory machinery.

Synthetic biology tools

Through systems biology it is possible to provide a
global overview of biological systems and narrow the
gap between genotype and phenotype, hence figure
out the possible limitation in protein production.
Besides traditional molecular methods and tools for
manipulation of S. cerevisiae, a recently fast developing
new discipline — synthetic biology — provides more effi-
cient and useful methods and tools for engineering S.
cerevisiae. These tools could target different levels and
allow multilevel modifications of S. cerevisiae (Table 2).

While microbial cells are utilized to offer the basic
biological processing functions as a producing plat-
form (biological chassis), construction of expression
plasmids or cassettes is needed in most cases for pro-
duction of chemicals and proteins or for enhancement
of their production [97-99]. Restriction enzyme and
ligase-based cloning is the conventional method for
this purpose; however, it is limited in some cases, when
there are no suitable restriction sites or several genes
need to be cloned at the same time. Easy and high-
throughput construction methods not constrained by
DNA sequences are therefore desired.

Gateway cloning is a method that is based on phage
lambda site-specific recombination in wvitro [100]; it
provides a fast way to transfer hundreds of DNA
sequences to the same plasmid [101] or transfer the same
DNA sequence to different plasmids without any liga-
tion steps [102]. To facilitate expression of protein and
gene functional analysis in S. cerevisiae, a set of three-
segment multisite gateway vectors was developed for
rapid assembly of any combination of promoter, gene
and tag in a one-step reaction [103]. Gibson assembly
is another 7z vitro method that can be used for rapid
assembly of multilinear DNA fragments in a single
reaction [104]. Here the DNA fragment should be
designed with overlapping sequences at the end of its
neighbor fragments. The reaction relies on a mixture
of three different enzymes, a mesophilic 5" to 3" exo-
nuclease (T5 exonuclease) for double-stranded DNA
(dsDNA) 5’-recession, a high-fidelity polymerase
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Table 2. Some recently developed methods and tools for host modifications

Modification level Method/tool

Pre-transcriptional
cloning; DNA assembler
Pre-transcriptional
engineering

Pre-transcriptional; CRISPR-Cas systems

transcriptional

Transcriptional

Post-transcriptional;

translational binding sites

Post-transcriptional

Gateway recombination; Gibson Rapid pathway construction

Yeast oligo-mediated genome

Synthetic promoter libraries

Design synthetic ribosome

RNA-based control modules

Transcriptional; Gene codon optimization Reduce mRNA secondary [124,125]
translational structure, improve translation
rates
Post-translational Genetically-encoded biosensors Optimize and regulate [128]
metabolic pathways
Post-translational Synthetic protein scaffolds Provide modular control over [130]

Application Ref.

[102,104,106,131]

Achieve high gene [109]
modification frequencies

Genome engineering,
transcriptional regulation

[113,115]
Tunable components for [119]
synthetic genetic networks

Control protein production [121]

Predictable tuning of [122]
expression levels

metabolic flux

(Phusion DNA polymerase) for annealed complemen-
tary single-stranded DNA (ssDNA) trimming and
extension, and a thermophilic ligase (7zg DNA ligase)
for sealing the gap. Gibson assembly is very useful for
large DNA assembly [104] and dsDNA construction
from numerous chemical synthesis oligonucleotides
(105]. The DNA assembler enables rapid construction of
an entire biosynthetic pathway in one step by means of
in vivo homologous recombination in S. cerevisiae [106].
Significantly, not only plasmids from DNA fragments
can be built up via the DNA assembler but integration
of DNA fragments into chromosome is also available,
which maintains the heterologous pathways (genes)
stable along with host replication which is beneficial
for industrial application [106]. The DNA assembler
facilitates the comprehensive evaluation of pathway
variants involving multiple genes and hence the best
one can be chosen [107]. To take full advantage of this
method, improvements have been made for increasing
the efficiency and accuracy of the DNA assembler [108].

Gene deletion or replacement in the chromosome
is often undertaken by heterologous or endogenous
recombination. High frequency recombination is
usually obtained via dsDNA fragments with long
homologous arms, ssDNA is of limited use due to its
low frequency recombination unless there is a specific
selection for this type of recombinants [109]. Dicarlo
et al. identified key parameters in improvement of the
recombination efficiency in S. cerevisiae by using oli-
gonucleotides, which is easy to obtain commercially

without the requirement for further PCR amplifica-
tion and purification. This method, named Yeast
Oligo-Mediated Genome Engineering, can be applied
for achieving high gene modification frequencies on
chromosomes with oligonucleotides directly [109].
These modifications can be accumulated and enriched
through several rounds of manipulation and it is a very
fast way towards rational strain engineering.

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated (Cas)
systems provide resistance for Bacteria and Archaea
against phages by RNA-guided nuclease activity [110]. It
has been adapted as an efficient RNA-guided genome
editing technology in eukaryotic systems [111.112]. A
type II bacterial CRISPR-Cas system has been applied
to engineer S. cerevisiae, and it shows increased recom-
bination efficiency and feasibility for in site-specific
mutation and allelic replacement [113]. The CRISPR-
Cas system has a great potential to become a valuable
genome engineering tool, because multiple targets
could be modified simultaneously with correspond-
ing guided RNA (gRNA) cassettes, which are easy to
be constructed and co-transformed [113]. The mutant
Cas9 deficient in its endonuclease activity can still form
a DNA recognition complex together with the gRNA
and target it to a specific DNA region (complementary
to gRNA); if the DNA region is for transcriptional ini-
tiation or gene coding, the transcriptional initiation or
elongation will be blocked by the complex [114]. This
CRISPR interference (CRISPRI) is not limited in use
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for efficient gene silencing in E .coli (114], but has also
been shown to work in eukaryotic organisms includ-
ing S. cerevisiae for gene expression regulation [114,115].
A tunable orthogonal transcriptional regulation system
could be established in S. cerevisiae via CRISPRI [115].

As one of the core transcriptional elements, promoters
control gene expression and are essential for understand-
ing regulatory mechanisms. Utilization of different
strength promoters for control of gene expression at the
transcriptional level is the most common method to alter
cellular metabolism. However, native promoters may
not offer a continual gradient transcriptional strength
and hereby limit the ability to fine-tune gene expres-
sion. Synthetic promoter libraries, which have been
created via random mutagenesis of a natural promoter
(116], can be purposely designed and generated rapidly
using DNA synthesis technology, and hereby used for
unraveling transcription regulatory mechanisms [117,118].
As substitution for native promoters, these synthetic
promoters could be applied as predictive transcriptional
components in optimization of metabolic networks due
to their large dynamic range but still the ability to have
small changes in gene expression [119].

Gene expression will be affected by its 5° UTR
(untranslated region) and 3 UTR [120], in which both
natural element and artificial element could be utilized
for control of expression. Instead of laborious work
in screening from a large random library of ribosome
binding sites, Salis ez al. presented a predictive method
for rational design of synthetic ribosome binding
sites for controlling protein expression [121]. Synthetic
RNA-based control modules located at the 3 UTR
exhibited a range of gene regulatory activities at the
post-transcriptional level, through variations of RNase
III (Rntlp) processing efficiency that regulates mRNA
stability [122]. Those modules can be used in combina-
tion with promoter libraries for fine-tuning and precise
control of gene expression.

Codon utilization bias differs from organism to
organism [123]. Amplification of a gene via PCR method
will retain its codon usage pattern that may not be com-
patible in a heterologous expression platform. Gene
codon optimization according to the expression plat-
form could avoid unusual codon usage and alteration
of the mRNA secondary structure and hence increase
protein expression [124-126]. The signal sequence of a
protein not only determines the final location of the
protein but also affects protein secretion; for example,
a synthetic leader was found to be more efficient for
insulin precursor production by S. cerevisiae compared
with the endogenous alpha factor leader [72]. Variants
from the same signal sequence resulted in different
secretory efficiency, and were utilized for improving
protein secretion [127].

Genetically-encoded biosensors are genetic devices
for sensing and responding to the change of environ-
ment and metabolic status of the cell [128], and these
offer great prospects for being employed as regulatory
elements for circumventing imbalanced metabolism
and hence increase product yield [129]. The introduc-
tion of a heterologous pathway is potentially to cause
metabolic imbalance in hosts due to the lack of regula-
tory mechanisms present in the original organism [130].
Synthetic protein scaffolds allow combination of rele-
vant enzymes in an optimized stoichiometry and leads
to a way for fine-tuning metabolic flux through modu-
lar control; it avoids the loss of intermediates during
diffusion or to competing pathways, protects unstable
intermediates and bypasses the unfavorable kinetics
(130]. It is obvious but still interesting to evaluate the
use of biosensors for improving recombinant protein
production in the future, for example, for evaluation
of ER stress associated with improper protein folding.

Future perspective

To date, the global biopharmaceutical market exceeds
$125 billion per year and is expected to increase con-
tinuously with a high annual growth rate. There is
therefore much interest in continuously improve protein
expression platform, both to enable production of novel
proteins and to reduce the costs of producing recombi-
nant proteins. Besides the most common used expres-
sion platforms, non-conventional microbial systems are
also under development or evaluation to be alternative
cell factories for biopharmaceutical production.

S. cerevisiae, which possesses the advantages of bacte-
ria and eukaryotes, is an attractive choice for industrial
biopharmaceutical production. Many biopharmaceuti-
cals produced by S. cerevisiae have been commercialized
including one of the most successful biopharmaceuticals
— human insulin. Because of the upcoming patent cliff,
improved expression systems and optimized processes
are required for the originators to cope with competi-
tion from the potential biosimilars. Expression systems
with a general efficient productivity for most proteins
have significant advantages, optimization of biopharma-
ceutical production could begin from a high level with
these outstanding platforms instead of from zero each
time. Metabolic engineering of S. cerevisiae for enhanc-
ing protein production has been quite successful, but
sometimes effective strategies for one protein are invalid
for improving production of another protein. With the
improvement of -omics measurements, systems biol-
ogy offer the opportunity to provide a comprehensive
understanding of biological functions of S. cerevisiae,
and hereby potential limitations in protein production
can be identified and thus become targets for metabolic
engineering of S. cerevisiae. Fundamental research on
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the protein secretion system of S. cerevisiae, due to its
role as a model organism, also provides useful informa-
tion for unraveling mechanisms for protein production
in this organism. Furthermore, novel methods and tools
in synthetic biology allow rapid and efficient modifica-
tions of S. cerevisiae. Thus, we predict that by combining
systems biology and synthetic biology, S. cerevisiae may
be designed and developed to become a robust biological
chassis for biopharmaceutical protein production.
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Executive summary

Introduction

production platforms.

choice for biopharmaceutical production.

and ease downstream processing.

out and become engineering targets.

rational design.
Perspective

e The development of biopharmaceuticals industry is driven by huge market demand and policy support.
e Escherichia coli, Saccharomyces cerevisiae and Mammalian cells are the most common used biopharmaceutical

Current state & recent advances in production of biopharmaceutical proteins by S. cerevisiae
e S. cerevisiae, a unicellular microbial organism with advantages of bacteria and eukaryotes, is an attractive

e Dozens of pharmaceutical proteins, such as insulin, vaccines and blood factors, produced by S. cerevisae have
entered the market; several of them are blockbusters.
¢ Metabolic engineering of S. cerevisiae can enhance its protein production capacity, improve product quality

Enhanced protein production by S. cerevisiae with new technologies

e Systems biology could provide global landscapes and deepen our insight of S. cerevisiae for improving our
understanding of protein production mechanisms. Potential limitations in protein production can be figured

¢ Novel methods and tools in synthetic biology allow rapid and efficient modification of S. cerevisiae, based on

e |tis possible to design and generate S. cerevisiae to be a robust biological chassis for biopharmaceutical
protein production through the recruitment of systems and synthetic biology.
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