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Abstract

Yeasts represent a very diverse group of microorganisms, and even strains that are clas-
sified as the same species often show a high level of genetic divergence. Yeasts biodi-
versity is closely related to their applicability. Biotechnological importance of yeast is
almost immeasurable. For centuries, people have exploited its enzymatic potential to
produce fermented food as bread or alcoholic beverages. Admittedly, yeasts application
was initially instinctual, but with science and technology development, these microor-
ganisms got the object of thorough scientific investigations. It must be recognized that
yeast represents an excellent scientific model because of its eukaryotic origin and knowl-
edge of genetics of yeast cells as well as metabolism examined in detail. In 1996, the
genome of baker yeast Saccharomyces cerevisiae has been elucidated, what opened the
opportunity for the global study of the expression and functioning of the eukaryotic
genome. Also, currently, an international team is working on the synthesis of the 16
yeast chromosomes by synthetic biology tools, and the results are expected till the end of
the year. Nowadays, yeast is regarded as a versatile tool for biotechnological purposes.

Keywords: fermentation, SCP, biocatalysis, molecular biology applications—fundamentals

1. Introduction

1.1. Yeasts: commercial applications

Yeasts have a wide range of applications mainly in food industry (wine making, brew-
ing, distilled spirits production, and baking) and in biomass production (single-cell pro-
tein [SCP]). More recently, yeast has also been used in the biofuel industry and for the
production of heterologous compounds. Obviously, their main application arises from the
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metabolic capacity to carry out the transformation of sugars into ethyl alcohol and carbon
dioxide under anaerobic conditions. Moreover, a large number of secondary flavor com-
pounds are created what implies on organoleptic attributes of particular food products.
However, it would be misguided to trivialize their metabolic capacities only to fermentative
activity. The main factors influencing yeast metabolism are the oxygen availability and the
type of carbon source. Many yeast strains can function under both anaerobic as well as aer-
obic conditions of environment, switching their metabolism types easily [1]. Obviously, the
courses of main metabolic pathways are conserved, but some regulative mechanisms attract
the attention, denoting unusual metabolism flexibility [2]. In food industry, Saccharomyces
cerevisiae is the genus of yeast most frequently used, whereas Candida, Endomycopsis, and
Kluyveromyces are crucial for SCP production. Yeast strains of industrial importance are
carefully selected from the immense natural biodiversity and their properties improved
according to process outcome. Both classical approaches as well as modern strategies of
gene manipulations are applied to generate variants relevant to work under industrial spe-
cific conditions [3, 4]. Strains alterations concern not only the route of fermentations step
and its direct yield but also facilitation of product recovery procedures and finally the best
quality of particular end product. These nonpathogenic strains with both genotypic and
phenotypic stability should have short-generation time and low nutritional requirements.
They should perform the fermentation process quickly to minimize the contamination risk.
Additionally, they should be tolerant of a wide range of physiological stresses, such as low
pH, high ethanol concentration, and high osmotic stress.

The enzymatic power of yeast is central to beer manufacturing (Figure 1). Industrial species
are carefully selected, nonsporulated polyploides that do not perform sexual reproduction
process [5].

Brewer’s yeasts are divided into two separate categories: top-fermenting yeast (ale) and bot-
tom-fermenting one (lager). Both yeast types have similar cell morphology, but they differ
in some physiological and metabolic features [6], what closely corresponds to the process
conditions and type of end product. Fermentation of ale yeast is carried out at room tem-
perature and results in beers with a characteristic fruity aroma. In the case of lager yeast, the
fermentation temperature is lower, and therefore, this step takes longer than fermentation
with ale strains [7]. The share of aerobic respiration in yeast metabolism is higher in case of
ale strains than in lager yeast. Both top-fermenting and bottom-fermenting yeast belong to
the genus Saccharomyces. Ale-brewing yeasts are genetically more diverse and classified as
Saccharomyces cerevisine, whereas the taxonomy of the lager strains has undergone several
changes. Initially, bottom-fermenting yeast was classified as Saccharomyces carlsbergensis,
but due to the application of modern taxonomic approaches, the species S. carlsbergensis
were included as a part of Saccharomyces pastorianus taxon. On the basis of genetic studies,
S. pastorianus strains are now considered as allopolyploid interspecies hybrids of S. cerevi-
size and S. bayanus [8]. From technological point of view, beside the high fermentative activ-
ity of yeast cells and tolerance for several environmental stresses, the aptitude for asexual
aggregation known as flocculation seemed to be especially important, because this ability
causes the yeast to sediment to the bottom of the fermenter at the end of fermentation step,
what simplifies downstream processing [9, 10].
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Figure 1. Beer production process.

Various yeast species constitute the predominant microbial group of natural microbiota
of fruits ecosystems, what is the reason of fast and spontaneous fermentation of juices or
musts resulted in wine production. Yeast colonizing various fruits belongs to the genera
Saccharomyces, Brettanomyces (its sexual form (teleomorph) Dekkera), Candida, Cryptococcus,
Debaromyces, Hanseniaspora (anamorph Kloeckera), Hansenula, Kluyveromyces, Pichia,
Rhodotorula, Torulaspora, Schizosaccharomyces, and Zygosaccharomyces [11]. It goes without say-
ing that most fermented products are generated by a mixture of microbes. These microbial
consortia perform various biological activities responsible for the nutritional, hygienic, and
aromatic qualities of the product [12]. Doubtlessly, yeast plays a principal role in wine mak-
ing both in domestic environment as well as in commercial scale (Figure 2). Nonconventional
yeast (non-Saccharomyces species) dominates during early and middle stages of fermentation
process, whereas the latter phase of natural process is mediated by Saccharomyces cerevisiae.
The raw material of particular importance in global wine making is grapes that are harvested
at specific stages of ripeness depending on the style of wine to be made.
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Figure 2. Wine production process.

Once again yeast enzymatic power is crucial for the product chemical profile—except for
ethanol biosynthesis, the creation of flavor compounds and fragrances from substrates abun-
dant in fruits implies the organoleptic features of particular wine product. During the degra-
dation of grape sugars, amino acids, fatty acids, terpenes, and thiols, some by-products like
glycerol, carboxylic acids, aldehydes, higher alcohols, esters, and sulfides are formed, and
their synthesis is largely dependent on the peculiarities of the strains used [13, 14]. In 1965, the
first two commercially active dried wine yeasts called Montrachet and Pasteur Champagne
were produced for a large Californian winery [15]. Nowadays, modern winegrowers rou-
tinely use selected yeast starters in practice. These microorganisms dominate native yeast spe-
cies and give desired direction of chemical transformations occurring in musts and allow to
obtain product of predictable quality [16]. Presently exploited commercially available starters
have been created as a result of naturally occurring phenomenon called “genome renewal”
as well as planned processes of genetic improvement [17] followed by a careful selection for
their good fermentation performance. Genome renewal hypothesis in the standard version
assumes that infrequent sexual cycles, characterized by a high degree of selfing, can help to
purge deleterious alleles and fix beneficial alleles, thus helping to facilitate adaptation in yeast
[18]. This hypothesis had to be re-evaluated [19] due to the fact that in the case of many envi-
ronmental isolates, very high levels of genomic heterozygosity had been observed [20, 21].
Presently, the majority of commercial wine yeast comprises strains of Saccharomyces cerevisiae,
including those described by enologists as S. bayanus, which has been re-identified in most
cases as S. cerevisiae [22, 23]. The growing demand for more diversified wines or for specific
characteristics has led to the exploration of new species for wine making [24-26]. This non-
conventional yeast may contribute to the wine's organoleptic characteristic by producing a
broad range of unique secondary metabolites and secreting particular enzymes or exhibiting
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others substantial features (release of mannoproteins, contributions to color stability etc.) [27].
The wine industry currently proposes starters of a few nonconventional yeast (Torulaspora
delbrueckii, Metschnikowia pulcherrima, Pichia kluyveri, Lachancea thermotolerans, etc.) [28]. Yeast
variants used as starters must qualify for commercial application. The list of desired proper-
ties is very long and includes both fermentation characteristics as well as flavor characteristics
(e.g., low sulphide/dimethyl sulphide/thiol formation, liberation of glycosylated flavor pre-
cursors, low higher alcohol production, etc.), metabolic properties with health implications
(low formation of sulphite, biogenic amines, or urea) and technological properties (e.g., high
sulphite tolerance, low foam formation, flocculation properties, etc.) [29].

Another example of Saccharomyces cerevisiae strains of commercial interest encompasses dis-
tiller’s yeasts, applied in industry where alcohol fermentation is followed by distillation. In
this industry type, spontaneous fermentations are not practiced, and specific yeast is inocu-
lated into fermenter. Starters used for distilled beverages (aquavit, gin, vodka, whisky, rum,
tequila, cognac, brandy, and kirsch) commercial production should exhibit exquisitely inten-
sive anaerobic metabolism, what should result not only in high ethanol productivity but also
in the high level of cellular tolerance to this product. Additionally, thermostable variants tol-
erant to acids and increased osmotic pressure are in greater demand for distillers [30]. Since
many years, there has been a rising interest in new variants that are able to degrade starch.
Many attempts have been made to produce ethanol from starch using recombinant haploid
strains that express amylolytic enzymes, due to the simplicity of genetic manipulation of
these strains. However, it is difficult to use laboratory haploid strains in practice because their
fermentation characteristics are not as good as those of industrial polyploidy strains [31, 32].

In addition to alcoholic beverages production, enzymatic power of yeasts is also essential for
baking industry, where concentrated yeast biomass is used as a starter in dough fermentation
in order to produce bread and other bakery products. Commercially available baker’s yeast
forms include fresh compressed biomass, dehydrated cells (dry yeast), and lyophilized cells
(instant). Fermentation of dough substrates leads to ethanol production as well as number of
volatile and nonvolatile compounds that have an important contribution to the flavor of bread
[33]. As a result of carbohydrates (maltose mainly), fermentation carbon dioxide is generated
what increases the dough volume and is responsible for crumb texture. Baker’s yeast is sim-
ply brewery yeast produced via submerged fermentation process carried out in the presence
of oxygen (Figure 3). Aerobic conditions favor yeast cells production, which is not of interest
to ethanol producers, but is important when large amount of cells mass must be produced.

The main ingredient of industrial production medium used in yeast production factories are
beet or cane molasses, mainly because of the low cost of this waste products and high sucrose
content. In most cases, the industrial production is a multistage process carried out under batch
or fed-batch conditions with sequential stages differing in fermenter size, performed under
controlled intense aeration [34]. Aeration is generally considered as the most important single
factor to increase yeast yield and numerous studies have been carried out to investigate the
optimization of particular technological solutions [35]. It should be underlined, the particular
uniqueness of yeast metabolism —baker’s yeast must exhibit efficient respiratory metabolism
during yeast manufacturing, which determines biomass yield, but at the same time, cells must
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Figure 3. Baker’s yeast production process.

possess strong fermentative potential in order to produce excellent bakery products. During
the fermentation of dough yeast cells is exposed to numerous environmental stresses (baking
associated stresses) such as freeze thaw, high sugar concentrations, air drying, and oxidative
stresses [36]. Nor should it be surprising that industrial starters should be characterized by
appropriate stress tolerance. Yeasts certainly have evolved some mechanisms of adaptation,
but if the level of stress will increase too much, their enzymatic potential will be restricted. It
has been demonstrated that two molecules: trehalose and proline are extremely important for
yeast stress tolerance, so the engineering of their metabolism is a promising approach to the
development of stress-tolerant yeast strains relevant to industrial use [37].

Next long-standing industrial processes involving yeast are the production of single-cell
protein (SCP)—alternative source of high nutritional value proteins used as a food or feed
supplements. Idea of such protein concentrate production was born in response to growing
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human population in the world and worldwide protein deficiency [38]. SCP manufacture
includes simply the cell mass obtaining by way of the application of cheap, waste raw materi-
als to cultivate various nonpathogenic microorganisms (bacteria, fungi, algae) under condi-
tions of submerged (rarely solid-state) fermentation. Besides its high protein content (about
60-82% of dry matter), SCP also contains fats, carbohydrates, nucleic acids, vitamins, and
minerals [39]. In practice, several technologies were evaluated, products commercialized and
currently obtained SCP found the application primarily in animal feeding. However, baker’s
yeast mentioned above can be considered also as an example of particular SCP preparation.
Many fungal species are used as protein-rich food. Most popular among them are the yeast
species Candida, Hansenula, Pichia, Torulopsis, and Saccharomyces [40], but also, marine yeast is
considered now as a valuable source of protein [41, 42]. Yeast-derived SCP has desired nutri-
tional value and contains essential amino acids—above all sulfur containing amino acids. It
is also significant that people accept yeast as a food source, because of its historical impact.
The main disadvantage of this preparation limiting the utilization as food is the nucleic acid
content what is associated with additional purification step in downstream processing [43] as
well as with external mannoprotein layer of yeast cell wall what impedes the digestion.

Yeast can also be considered as an alternative source of lipids. Some species are capable of syn-
thesis and accumulation of over 20% of biomass in form of neutral lipids and for that reason are
called “oleaginous.” Under optimal growth conditions and/or as a result of genetic improve-
ment, the level of lipid accumulation can reach even 70%. Oleaginous yeast includes species of
Candida, Cryptococcus, Pichia (Hansenula), Lipomyces, Pseudozyma, Rhodosporidium, Rhodotorula,
Trichosporon, Trigonopsis, Yarrowia, and Saccharomycopsis [44]. The ability of these yeast species
to accumulate high quantities of lipids offers the commercial potential for production of single-
cell oil (SCO). Microbial oils can serve both as alternative edible oils for food industry as well
as substrates used in synthesis of the oleochemicals such as fuels, soaps, plastics, paints, deter-
gents, textiles, rubber, surfactants, lubricants, additives for the food and cosmetic industry,
and many other chemicals [45]. Microorganisms regarded as an alternative oils source cannot
presently compete directly with plants, but their use has many advantages like shorter process
cycle, independence of season and climate, facility for genetic improvement and the possibility
to manufacture lipid of unique structure, and nonsynthesized by plants. It should be mentioned
that the composition of yeast oils is similar to vegetable products, and predominant fraction of
them is made of triacylglycerols (TGA) rich in polyunsaturated fatty acids [46]. Lipids are stored
intracellularly mainly as granular forms called “lipid body,” and their content and profile of
fatty acids differs between species [47]. The main fatty acids formed by oleaginous yeast are the
myristic (C14:0), palmitic (C16:0), stearic (C18:0), oleic (C18:1), palmitoleic (C16:1), and linoleic
(C18:2) acids [48]. Two different pathways are involved in lipid accumulation by oleaginous
yeast: de novo lipid synthesis and ex novo lipid accumulation. Fundamental differences at the
biochemical level exist between de novo lipid accumulation from hydrophilic substrates and ex
novo lipid accumulation from hydrophobic substrates. In contrast, ex novo lipid production is a
growth-associated process that occurs simultaneously with cell growth and is entirely indepen-
dent of nitrogen exhaustion of the culture medium. The synthesis of ex novo lipids is the modi-
fication of fats and oils by oleaginous microorganisms [49]. The production of microbial oils
became more important in the light of biodiesel production. The oleaginous yeast is considered
as potential candidate for the production of “2nd generation” biodiesel deriving from lipid
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produced by oleaginous microorganisms growing on wastes or agro-industrial residues like
sewage sludge, hemicelluloses, hydrolysates, waste glycerol, cheese whey, etc. [50, 51]. SCO
may be produced via submerged fermentation performed under aerobic conditions through
the mode of batch, fed batch, or continuous operation. To achieve both sufficient biomass for-
mation and proper lipid accumulation level, yeast must be cultivated under carefully evaluated
conditions. Many factors have been described as influencing lipid accumulation process and
proper medium composition seemed to be one of the most important ones [52]. After biomass
had been formed, to promote lipid accumulation process, stress conditions must be induced.
Lipid storage is triggered by a nutrient limitation combined with an excess of carbon. Mostly
nitrogen limitation is used to trigger lipid accumulation, but also other nutrients as phospho-
rus and sulphur have been shown to induce lipid storage. In spite of the applicative potential,
the commercialization of microbial products is limited to oils containing polyunsaturated fatty
acids like docosahexanoic acid (DHA), arachidonic acid (ARA), and eicosapentaenoic acid (EPA)
[53, 54]. Producing other microbial oils either for human consumption, industrial use, or for
biofuel production is still cost inhibitory —currently, the production of microbial oils is more
expensive than that of vegetable oils [55]. To extend the industrialization of yeast as alternative
source of oils, all efforts should be focused on genetic improvement of cell factories combined
with optimization of nutrient supply and cultivation conditions and modifications of down-
stream technology [56].

2. Yeasts as whole-cell biocatalysts

Different genera of yeasts are convenient biocatalysts applied in many fields of chemistry,
especially for the synthesis of chiral building blocks and fine chemicals. They are interest-
ing catalytic tools, not only for their varied enzymatic activities but also for their microbio-
logical features such as simplicity of cultivation, low nutritional requirements, and adaptive
capacities. These capacities result from their flexible metabolism, which responds to the
environmental impacts, so the direction (also stereoselectivity) and the effectiveness of the
biotransformations can be driven by the physical chemical parameters of the process. What
is also important, they are susceptible to the engineering of the reaction media (e.g., water,
organic) and to the biocatalysts form (e.g., permeabilization, immobilization). This signifi-
cantly broadens the field of their application by overcoming the limitations such as low solu-
bility of the bioconversion substrates. It can be said that yeasts are used for decades and are
one of the first whole-cell biocatalysts applied in industrial processes.

Literature data proved that the core applications of yeasts are connected with their extraordi-
nary reductive abilities. Since it was proven that whole-cell biocatalysis is (as enzymatic one)
chemoselective, regioselective, and stereoselective and able to regenerate dehydrogenases
cofactors under biocatalytic conditions, yeasts were extensively examined as reductive cata-
lysts for chiral building blocks synthesis —especially chiral alcohols of defined absolute config-
uration. The activity of a number of yeasts genera has been tested toward structurally different
ketones, and in the most cases desired, alcohols have been obtained as pure enantiomers [57].
Alcohols drawn below (Figure 4) represent both, simple, and more complicated —unusual
structures obtained thanks to the whole-cell biocatalysis driven by yeasts.
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Figure 4. Alcohols synthesized using whole yeasts cells.

Pichia methanolica is one of the most important biocatalysts employed in industry because of its
reductive ability and low substrate specificity. Thus, Pichia methanolica mediated reduction of
ethyl-5-oxo-hexanoate and 5-oxohexanenitrile led to S-alcohols: 1a and 1b (Figure 4) obtained
with conversion degree up to 90 and 97% of ee (enantiomeric excess). What is also important,
bioreduction of compound 1a (Figure 4) was performed successfully on the gram scale with
the similar yield. Pichia methanolica is employed for the reduction purposes by Bristol-Mayers
Squibb Company (USA). Alcohol 2 (Figure 4) is important for pharmaceutical industry, this
molecule is considered as supporting drug in the diabetes type 2 therapy by elevating the rate
of metabolisms. Application of Candida sorbophila MY 1833 allowed receiving pure product
on the large scale level with up to 60% of conversion degree and 98% of ee. Optically pure
diols are also important, mainly as chiral building blocks for pharmaceuticals and fine chemi-
cals synthesis. As an example —compound 3 (Figure 4)—25, 55-hexanediol can be received
by diketone reduction performed with Saccharomyces cerevisiae on preparative scale, with the
complete substrate reduction and with the de (distereomeric excess) of 96%. Except to men-
tioned diol, such procedure can be applied also for 5-hydroxyhexane-2-on formation, which
is a substrate for chiral tetrahydrofuranes synthesis—chemicals of significant meaning for
obtaining of the biodegradable polymers, drugs, and perfumes. Among different chiral com-
pounds with hydroxyl functionalities, there are some of special interest—they are building
platforms for the synthesis of series compounds. Such importance can be attributed to the
(S5)-4-chloro-3-hydroxybutanoate ester (S)-CHBE (Figure 5) [58]. A number of fungal catalysts,
e.g., Geotrichum sp., Candida sp., Aureobasidium sp. are active toward appropriate ketone, but
the reaction proceeds with an average stereoselectivity. Among others, Pichia stipites CBS 6054
was found as one allowed obtaining chiral product with ee of 80%. The other products of
yeast-mediated enantioselective bioreduction are chiral bicyclic alcohols, e.g., synthons of (S)-
pramipexole (anti-Parkinson drug) (Figure 6) and also its (R) isomer—considered as an anti-
amyotrophic lateral sclerosis (ALS) agent [59]. Chirality is introduced into these molecules by
the prochiral bicyclic ketone (Figure 6) reduction mediated by Sachcaromyces cerevisiae, and this
is the crucial step of the sequences of the reaction leading to the final enantiomers of pramipex-
ole. Discussed objective is also an example of the yeast biotransformation of the compounds
with heteroatoms in their structures—here, sulphur atom is an element of the bicyclic.

Reductive activity of Saccharomyces cerevisiae is also applied for some nontypical reactions
such as geraniol into citronellol hydrogenation achieved with resting yeast cells on prepara-
tive level (Figure 7) [60]. Process productivity reaches 2.38 g/L for the reaction carried out in
the continuous-closed-gas-loop bioreactor.

Entirely a different activity of yeasts as biocatalysts found some practical application, lately.
Successful experiments with Saccharomyces cerevisiae were performed according to Figure 8

1"
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[61], which illustrates the addition of diverse 3-substituted indol derivatives to nitroolefines.
Chemical synthesis of such substituted indols requires some hazardous organic solvents,
while biological synthesis significantly reduces this problem and offers easy operated and
effective system (yield of the reaction range between 72 and 90%).

Such indol motifs are crucial part of the biologically active compounds such as arbidol (influ-
enza A and B virus treatment and prophylactic); golotimod (immunostimulating, antimicro-
bial, and antineoplastic agent); and panobinostat (acute myeloid leukemia treatment; Figure 9).

3. Yeast’s enzymes applications

Biocatalysis includes both biotransformations (e.g., the conversion of xenobiotics using whole
cells or resting cell systems) and enzyme catalysis (e.g., the conversion of xenobiotics using

13
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cell-free extracts or purified enzymes) [62]. Although both whole cells and isolated enzymes
can be used as biocatalysts, whole cells are very often preferable because they are more stable
and cheap sources than purified enzymes, without the need for purification and coenzyme
addition. However, in the case of single-step biotransformation, isolated enzymes can be con-
sidered as a better choice and can be used as a free or immobilized biocatalyst either in aque-
ous or organic media [63]. Yeasts, especially Saccharomyces species, are primarily known from
whole cell reductive activity [64, 65] and are used in the food industry for the production of
alcoholic beverages as well as for bread fermentation [3]. However, yeasts are a source of
enzymes such as: lipases, dehydrogenases, or invertase.

3.1. Yeast’s lipases

Lipases are widely distributed in nature and are produced by plants, animals, and microorgan-
isms. Microbial enzymes are more useful than the other ones because of the diversity of cata-
lytic activities, simplicity of manipulations, and low cost production (extracellularly during rapid
growth on inexpensive media) [66]. Additionally, microbial enzymes are free from problems
associated with contamination with hormones, viruses, and can be used in food processing and
pharmaceutics productions for vegetarian or kosher diets [67]. Microbial lipases (EC 3.1.1.3) are
suitable enzymes for organic synthesis because they are active toward broad range of nonphysio-
logical substrates and are stable in biphasic systems or pure organic media. Lipases can be applied
for either of lipid modifications and synthesis of special compounds: pharmaceuticals, polymers,
biodiesels, and biosurfactants [68]. Under physiological conditions, lipases catalyze hydrolysis of
ester bond in triacylglycerol to glycerol and free fatty acids. Under nonaqueous conditions, they
catalyze the reverse process—esterification. The term transesterification refers to exchange the
group between an ester and acid, ester and alcohol, or at least between two esters (Figure 10) [69].

drolysis
j\ noyarolysis o
aqueous media
R OR'" + HxX R)J\XH + R'OH
organic media
Esteryfication
j)\ organic media )(J)\
R™ "OR" * R"XH R” XR" + ROH
Transesteryfication

Figure 10. Types of reactions carried out by lipases.
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Mentioned features make them significant biocatalyst for various applications. There are a certain
number of yeast species able to produce lipases, most of them belong to Candida genus: Candida
utilis, C. rugosa (cylindracea), C. antarctica, C. viswanathii, and additionally, Yarrowia lipolytica [70].

3.1.1. Hydrolysis

For pharmaceutical industry, lipases are used to resolve racemic mixtures of alcohols or car-
boxylic acids through asymmetric hydrolysis of acyl derivatives. Candida antarctica lipase,
isoform B (CAL-B) is one of the most employed psychrophilic lipases for many different
applications (kinetic resolutions, desymmetrization, aminolysis, etc.) [71]. Commercial
CAL-B is available either in free, lyophilized, and immobilized forms (onto Lewatit VP OC
1600 (poly(methyl methacrylate-co-divinylbenzene) —Novozyme 435, Chirazyme L2-C2).
Novozym 435 is a suitable catalyst for both small organic molecules [72, 73] and for polym-
erization reactions [74, 75]. Also, the immobilization of CAL-B onto different supports may
result in different activity and enantioselectivity (Table 1) and may be a tool of control of
selectivity of the hydrolysis. This feature was used for the resolution of racemic mixture of
2-O-butyryl-2-phenylacetic acid — precursor of both enantiomers of mandelic acid (Figure 11)
and for the enantioselective hydrolysis of 3-phenylglutaric dimethyl diester —precursor in
the drug synthesis (e.g., HIV inhibitor) [76]. As it is shown in the Table 1, it is possible to
change the enantioselectivity of biocatalyst just by simple replacement of one support mate-
rial to another one (Figure 11).

Another possible way to change the enantioselectivity of hydrolysis is the addition of the
organic co-solvent to reaction medium. In organic media, the conformation of enzyme
appears to be more rigid which may influence the enantioselectivity of the reaction. For the
Candida rugosa, lipase-catalyzed hydrolysis of various substituted phenoxypropionates, the
addition of 30-70% dimethyl sulfoxide (DMSO) or sodium dodecyl sulfate (SDS) improved
the enantioselectivity, (E = 4 to >100) [77, 78]. For the same lipase (C. rugose), complete

Biocatalyst Activity ee p (%)* Stereochemical E?
pmolg " - preference
Novozym 435 0.75 >99 S >100
NOVO-CAL-B 0.56 >99 S >100
Lewatit-CAL-B 0.55 >99 S >100
Octyl-agarose-CAL-B 0.19 95 R 49
Octadecyl-sepabeads-CAL-B  0.35 90 R 23
Butyl-agarose-CALB-B 0.16 72 R 7.5

Optical purity of product.
Enantioselectivity of the enzyme towards substrate.

Table 1. The influence of different methods of immobilization on the activity and enantioselectivity of CAL-B applied for
hydrolytic resolution of 2-O-butyryl-2-phenylacetic acid.
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Figure 11. Kinetic resolution of 2-O-butyryl-2-phenylacetic acid by immobilized CAL-B on different supports.
reversal of enantioselectivity of hydrolysis of 1,4-dihydropyridines was observed in differ-

ent organic solvents saturated with water [79], this allowed to obtain both enantiomers of
1,4-dihydropiridine (Figure 12).

NO, NO,

z C. rugosa lipase

HOOC s COOR HOOC COOR
H i-Pr,O/water | |
HsC® "N~ CH
3 N 3 H3C N CH3
(S)-product (R,S)-substrate

C. rugosa lipase
cyclohexane/water

HsC” N~ “CHs

(R)-product

Figure 12. Reversal of enantioselectivity in hydrolysis catalyzed by Candida rugosa lipase in organic solvent saturated
with water [79].
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Candida antarctica produces two isoforms of lipases (A and B). However, more attention has
been directed to the application of CAL-B, but in the last few years, also CAL-A has found
remarkable applications. The most surprising biochemical property of CAL-A is its high ter-
mostability of over 90°C [71, 80]. It is quite strange that rather psychrophilic microorganism
produces thermostable enzyme. This feature allows using the CAL-A under unique reaction
conditions [81] and towards unusual substrates, especially sterically hindered tertiary alcohols
and their derivatives or bulky cyclic compounds. Bioconversion of tertiary alcohols can be use-
ful for the removal of tert-butyl protecting group even under high temperature (Table 2) [82].
Several examples of such applications are summarized in Table 2.

Another interesting application of CAL-A is the regioselective hydrolysis of cyclic diacetates,
useful building blocks for the synthesis of vitamin D, derivatives [83], or hydrolysis of differ-
ent sterically hindered carboxylic acids [84].

3.1.2. Esterification and transesterification

The most important application of lipases in organic synthesis is esterification important for
the resolution of racemic mixtures of secondary alcohols and carboxylic acids. Chiral second-
ary alcohols serve as intermediates for pharmaceutical synthesis [85-87]. Lipase-catalyzed

0 0 OH
CAL-A
A< Hon T A
R Yield (%)
o_ N
~
v
O 50
©\/O H
~
\n/
O 80
~
hif
O 40

Table 2. Examples of substrate structures accepted by CAL-A—protecting group removal.
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methods available for the preparation of enantiopure compounds are kinetic resolution (KR),
dynamic kinetic resolution (DKR), and desymmetrization. Enzymatic kinetic resolution is
based on the difference between the reaction rates of the enantiomers of a racemate at the
presence of chiral catalyst—enzyme. Dynamic kinetic resolution combines kinetic resolution
with the in-situ racemization of the unreacted enantiomer. Racemization can be performed
chemically or enzymatically. The kinetic resolution of secondary alcohols and esters is car-
ried out in organic solvents with lipase catalyzed acylation and alcoholysis. It leads to the
formation of one enantiomer obtained as an alcohol and the other one as an ester. The maxi-
mum theoretical yield for each enantiomer is 50%. C. antarctica enzymes are often used for the
resolution of secondary alcohols, mostly with bulky group [88, 89] but also for resolution of
aliphatic compounds [90]. As an example—CAL-B was applied for the resolution of racemic
mixture of 2-pentanol in heptane—media (yield (49,6%) and ee >99%) (Figure 13). S-(+)-2-
pentanol is a key chiral intermediate for synthesis of anti-Alzheimer drugs, which inhibit
p-amyloid peptide release and/or its synthesis [91, 92].

C. rugosa is the producer of lipase employed for the resolution of profens (2-aryl propi-
onic acids) in enantioselective transesterification process. Profens are an important group of
nonsteroidal anti-inflammatory drugs, and their biological activity depends on the optical
purity of the compounds, mainly (S)-enantiomer [93]. For instance, (S)-ibuprofen ((S)-2(4-
isobutylphenyl) propionic acid) is 160 times more effective than (R)- isomer in the inhibi-
tion of prostaglandins synthesis. Optically, pure profens can be synthesized by asymmetric
chemical synthesis, catalytic kinetic resolution, and chiral chromatography [69], but enzy-
matic enantioselective esterification seems to be the best method (Figure 14). Discussed
reaction was carried out in saturated cyclohexane with 1-propanol or 2-propanol as acyl
agents and completed with good conversion degree and excellent enantiomeric excess of
(S)-ibuprofen [94].

Also, enantiomerically pure amines constitute a class of compounds with possible biologi-
cal properties and industrial applications [95]. Candida antarctica lipase B is one of the most
effective catalyst in the preparation of enantiomerically pure nitrogenated compounds (e.g.,
amines, amides, amino acids, amino alcohols, etc.). This is achieved by enantioselective acety-
lation [96]. For example, resolution of aminoalkylpyridines was most effective (conversion
50%, time 4h, ee of product, and substrate >99%) with the use CAL-B and ethyl acetate as an
acyl donor in the tert-butyl methyl ether (TBME-medium) (Figure 15) [97].

CAL-A isoform of C. antarctica lipase is able to selectively acylate cyclic, sterically hindered
structures via kinetic resolution (Figure 16) alicyclic f-aminocarboxylic acids esters—

O
OH CAL-B OH /IA/\(
/\)\ /\/g\ + O e} OH
o /\/'\

O -2-
Racemic 2-pentanol vo (S)-2-pentanol

Succinic anhydride (R)-2-pentyl hemisuccinate

Figure 13. Kinetic resolution of 2-pentanol by esterification.
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CHs;
OH
O
CH3 (S)-ibuprofen ester
OH C. rugosa lipase .
O R: Pr, iPr CH,
(R,S)-ibuprofen OH
0]
(R)-ibuprofen
Figure 14. Enantioselective esterification of (R,S)-ibuprofen.
Cl Cl Cl
CAL-B
B EtOAc S S
=z R > =z R + — R
N TBME N N"
NH, NHACc NH,
Racemic amine (R)-amide (S)-amine
R: Me, Et, Pr
Figure 15. Kinetic resolution chloro-aminopyridines.
COOR
CECOOR1 CAL-A CE 1 J CEC08R1
NH, acyl donor NH, HJ\RZ

Figure 16. Kinetic resolution of alicyclic amino acids.

building blocks for the synthesis of various pharmaceutical important heterocycles [81]
are synthesized this way. The best activity and enantioselectivity were observed in diethyl
ether or diisopropyl ether with 2,2,2-trifluoroethyl hexanoate as an acyl donor.

CAL-A is also active towards sterically hindered tertiary alcohols. This feature is quite unique
among hydrolases. The first example of enantioselective kinetic resolution of racemic mixture
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of tertiary alcohol was acylation of 2-phenylbut-3-yn-2-ol. The reaction was quite enantiose-
lective, but the yield was rather moderate (25%) because of the steric hindrance. Another
interesting application of CAL-A is selective acylation of sterols [98], furyl substituted allyl
alcohol [99], or cyanohydrins [100, 101].

3.2. Yeast’s invertase

Invertase (f-fructofuranosidase- EC 3.2.1.26) catalyses hydrolysis of the glycoside bond from
the terminal nonreducing beta-fructofuranoside side in disaccharide [102]. It is also widely
distributed in the environment, mainly in plants and microorganisms. The most important
application of invertase is production of invert syrup—equimolar mixture of fructose and
glucose, released from sucrose (Figure 17), which is used in food and beverage industries.
Monosaccharides mixture is sweeter than sucrose and hygroscopic, it mainly is used for pro-
duction of soft-centered candies and fondants. Invertase is also applied for the manufacture
of artificial honey, plasticizing agents for cosmetics, pharmaceutical and paper industries, and
enzyme electrodes for the detection of sucrose [103, 104]. Additionally, it can be applied for
the synthesis of probiotic oligosaccharides like non-digestible oligosaccharides (NDO), e.g.,
lactosucrose [105]. Commercially invertase is produced mainly by Saccharomyces cerevisiae
(Baker’s yeast) or Saccharomyces carlsbergensis. In yeast cells, invertase is produced either in
intracellular or extracellular form [106].

3.3. Yeast’s oxidoreductases

Enantiometrically pure alcohols including a- and -hydroxyesters are important and valu-
able intermediates in the synthesis of pharmaceuticals and other fine chemicals [107].
Enantioselective ketone reductions are one of the most common methods applied for opti-
cally pure alcohols productions. Because reactions catalyzed by dehydrogenases/reductases
require cofactors (NADH or NADPH), the use of whole cells rather than isolated enzymes is
preferred, to decrease the cost of enzyme purification and cofactor regeneration. However,
isolated dehydrogenases employment decreased product purification problems (Figure 18).

Generally, a-ketoesters are reduced with lower enantioselectivities by whole yeast cells, so pair
of purified reductases are selected to produce both enantiomers of (S)-ethyl-3-hydroxybutyrate

OH

Invertase

ﬁ)o O-glycosidic bond
H CH,OH

Figure 17. Hydrolysis of sucrose by invertase.
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Figure 18. Reduction reactions catalyzed by dehydrogenases. Cofactor regeneration circle.

(pharmaceutical building block) in optically pure forms on preparative scale [108]. Reduction
of B-ketoesters depends on both structure of substrate and specificity of the enzyme and usu-
ally yields in desired enantiomer of high optical purity [109].

Saccharomyces are also known as a producers of old yellow enzyme (OYE), the first discov-
ered and characterized flavoprotein [110], which can be used for double bond reduction
(Figure 19) or for dismutation reactions toward cyclic substrates (Figure 20) [111] and also for
the reduction of nitrate esters [112] with the addition of coenzyme —NADPH.

Other example of reductase is selective carbonyl reductase from Candida magnolia, active toward
the structurally different ketones, reduced to the corresponding optically pure (R)- aryl and ali-
phatic alcohols. This enzyme also catalysis reduction of ketones with anti-Prelog enantioselectiv-
ity which is an unusual feature of bioreductions (Figure 21) [107]. Configuration of obtained aryl
alcohols is mostly R —enantiomers but also strongly dependent on R group structure (Figure 21).

O o)
2-cyclohexenone 2-cyclohexanone
OYE
NO> regeneration NO;
system
nitrocyclohexene nitrocyclohexane

Figure 19. Example of reduction of double bonds catalysed by OYE.
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OYE
m * m
O HO @)
H
3-oxodecalin-4-ene 3-hydroxy- 3-oxodecalin
6,7,8,9-tetrahydronaphtalene
Figure 20. Dismutation reaction calalysed by OYE.
6 o OH O
(R): CH3, C;Hs
R OC:Hs5 R OC,H; (S): CH(CH,),, CF5
C.magnoliae
ketoester reducst,ase (R) or (S) hydroxyester
O NADPH OH
X regeneration X
system
R R
aryl keton (R)-aryl alcohol

Figure 21. Anti-Prelog reduction of ketones by C. magnoliae reductase.

4. Yeast’s applications in molecular biology

Yeasts of the Saccharomyces genus, in particular S. cerevisiae, are one of the fundamental models
for eukaryotic organisms, commonly used in genetic and molecular biology studies. S. cerevisiae
is a unicellular organism that can be grown on defined media, which gives the complete con-
trol over its chemical and physical environment. Culturing yeast is simple, economical, and
rapid and can be conducted under aerobic and anaerobic conditions. As a nonpathogenic and
nontoxic organism, they are safe for laboratory work, without any special precautions. Big
accessibility as well as easy culturing on both liquid and solid medium makes yeast cheap and
handy organism with significant biotechnological capabilities.

Although yeast and humans have been evolving along separate paths for 1 billion years,
still a substantial amount of yeast genes exhibit high homology to mammalian ones. Since
the basic cellular mechanics of replication, recombination, cell division, and metabolism
are generally conserved between yeast and larger eukaryotes, they constitute a good
model for studying different processes such as aging, regulation of gene expression, sig-
nal transduction, cell cycle, metabolism, apoptosis, neurodegenerative disorders, and
many more [113]. Furthermore, its protein expression systems have more in common with
higher organisms than with prokaryotic ones, mainly due to the posttranscriptional and
posttranslational processing, which makes it a great candidate for acquiring a number of
industrially or medically significant biomolecules, such as recombinant proteins for phar-
maceutical purposes [114].
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Life cycle of Saccharomyces cerevisiae strains include haploid and diploid phase, both of
which typically grow asexually by budding. The cell cycle consists of four distinct phases
(G1, S, G2, and M) and is regulated in a similar way to that of the cell cycle in larger eukary-
otes [115]. Haploid yeast cells can be either mating type a or @« and under normal condition
can mate together to generate a/a diploids. The diploid cells cannot mate but can reproduce
asexually by budding like haploids. However, under specific circumstances, like unfavor-
able environment conditions (lack of nutrients), diploid cell can undergo meiosis to pro-
duce haploid spores. Subsequently, the newly produced haploid nuclei are packaged into
four spores that contain modified cell walls, resulting in structures that are very resistant
to environmental stress [116]. Each single haploidic spore from tetrad arising after meiosis
can be isolated and analyzed by various micromanipulation methods. It provides a unique
opportunity to study the coupling between genes among many others. Haploid states cell
can be also used for recessive mutation studies, while diploid strains can be exploited for
complementation tests.

S. cerevisiae have also been first eukaryotes whose genome has been fully sequenced and pub-
lished in 1996. Its nucleus genome constitutes of 12,068 kb organized into the haploid set of
16 chromosomes ranging in size from 200 to 1600 kb. The characteristic feature is that yeast
genome is much more compact in comparison to other eukaryotic relatives, with genes rep-
resenting 70% of total sequence. It possesses around 5885 potential protein-encoding genes,
approximately 140 genes specifying ribosomal RNA, 40 genes for small nuclear RNA mol-
ecules, and 275 transfer RNA genes. Currently, an international, multidisciplinary team is
involved in the production of 16 chromosomes of S. cerevisiae by synthetic biology tools, and
the results are expected at the end of the year [117]. Another highly unique and unusual, as for
eukaryotes, feature of S. cerevisiae genome is the presence of DNA plasmids that enables a vari-
ety of genetic manipulations and are of great importance for modern molecular biology [118].

Techniques used for yeast transformation and specific selection have been well described. For
this purpose, shuttle vectors are commonly used due to the fact that they can transform both
yeast and bacteria, such as Escherichia coli. Various yeast strains carry different auxotrophic
markers that can be generated by genetic engineering methods, for instance, by gene deletion in
amino acid biosynthesis pathways. Scientists have developed a number of bifunctional vectors
that are easy to isolate and can autonomously replicate in each yeast and bacteria cells.

4.1. Yeast’s plasmid vectors

Saccharomyces cerevisiae is a very important microorganism in modern biotechnology, not only
for its contribution to brewing and bread-making industry, but also for showing great potential
in the field of molecular biology and biomedicine due to its unique form of genetic material
and protein expression systems. S. cerevisiae is one of very few eukaryotic organisms that con-
tain circular DNA in the form of plasmids. Almost every strain of this yeast has the 2-um plas-
mid, which can constitute the outstanding basis for cloning vectors (Figure 22), as it is 6 kb in
size and is equipped with four following elements: origin of replication; genes REP1 and REP2
that code for proteins involved in replication process; FLP gene that is utilized by the plasmid
to switch between isoforms, and gene D which role is not established yet [119]. In order for
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FLP

REPI REP?2

Figure 22. Genetic structure of 2 um yeast plasmid.

2-um plasmid to work as a fully functional cloning vector, there has to be an incorporated
element, called a selective marker, which allows for the transformed cells to be identified after
cloning experiment.

Most of the bacterial vectors are provided with genes-encoding resistance to various kinds of
antibiotics, such as ampicillin (ampR) or tetracycline (tetR). Therefore, upon culturing trans-
formed cells in the medium with the addition of such antibiotic, the colonies that were unable
to grow did not carry the resistance gene (hence, the uptake of the vector did not occur); thus,
the only cells that survive are the transformed ones carrying the properly inserted vector.

Cloning techniques with yeast differ mostly in the strategic approach of the selective mark-
ers. In this case, usually a special kind of organism is required as the host, namely an
auxotrophic mutant that is unable to obtain or synthesize a pivotal compound of one of its
metabolic pathways. A good example is leu2” yeast that has an inactive form of LEU2 gene;
hence, it cannot synthesize leucine and can only grow in a medium that is supplied with this
amino acid. To properly use that organism as the host, a vector with LEU2 active gene has
to be prepared. The cells are then transformed with the plasmid and cultured in minimal
medium that lacks leucine. This way the only colonies that will grow will be the transformed
cells [120].

There are few kinds of yeast cloning vectors, but all of them are so-called shuttle vectors,
which means that they can replicate and be selected in both bacteria and yeast. Shuttle vectors
were developed mostly because plasmid preparation from yeast only is highly ineffective;
hence, the large-scale DNA propagation and convenient genetic manipulation are performed
in bacterial organism, such as Escherichia coli.

Yeast cloning vectors based on 2-um plasmid are called yeast episomal plasmids (YEps)
(Figure 23(a)). Depending on the kind of YEp, they can either contain most of the 2-um plasmid
or just the origin of replication, their backbone is usually constructed from E. coli vectors, such
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Figure 23. Genetic structure of exemplary yeast vectors. AmpR and tetR are the antibiotic resinstance genes from E. coli
PBR322 plasmid, whereas LEU2, URA3, TRP1 fragments represent yeast chromosomal DNA: (a) yeast episomal plasmid
YEp13, (b) yeast integrative plasmid YIp5, (c) yeast replicative plasmid YRp?7.

as pBR322 that contains genes encoding resistance for antibiotics, like ampicillin or tetracycline.
As the name suggests, YEps can replicate independently, or they can be integrated into one of
the yeast chromosomes. The most common reason for YEps integration is that they carry selec-
tive marker gene, which is very similar to the mutant chromosomal DNA of the host organism;
for example, the already mentioned LEU2 gene or others, such as URA3, HIS3, TRP1, or LYS2 all
involved in biosynthesis pathways of pyrimidine nucleotides, histidine, tryptophan, or lysine,
respectively. YEps are considered as high copy number vectors, yielding up to 200 copies per
cell with the transformation frequency between 10,000 and 100,000 transformed cells per pg.
Unfortunately, the major drawback is that their recombinants are highly unstable, which makes
it very difficult and time consuming to achieve conclusive and reliable results when working
with YEps.

The other important type of yeast vectors are yeast integrative plasmids (YIps) (Figure 23(b)).
They mainly consist of E. coli plasmid, such as pBR322 and a selective marker (usually one
of the mentioned above). What is important is they do not contain yeast origin of replication;
therefore, they cannot replicate in any other way than through the process of integration with
chromosomal DNA. In terms of transformation frequency, YIps come at the very last place
with the number significantly lower than 1000 transformed cells per pg and usually only one
copy per cell. On the other hand, their recombinants are very stable, usually making them the
top pick for the experimental purposes.

Yeast replicative plasmids (YRps) (Figure 23(c)) are another type of yeast cloning vectors.
They contain a backbone from E. coli vector, the yeast origin of replication in close proximity
to the selective marker. Such structure suggests that YRps can replicate independently with
relatively high transformation frequency ranging from 1000 to 10,000 transformed cells per
ug and a number of copies between 5 and 100 per cell. YRps recombinants are as unstable as
the YEps ones, making them one of the last choice for laboratory work.

Along with the time, there was a growing demand for much larger pieces of DNA to be
manipulated through the techniques of genetic engineering. It was at this point that the last
type of yeast cloning vectors was developed, namely the yeast artificial chromosomes (YACs).
The general idea behind those constructs was that yeast chromosomes usually carry sev-
eral hundred kilobases of genetic material, so why not imitate the native DNA? YACs were
thought to contain the three key elements of a chromosome:
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¢ centromeres required for the proper chromosome positioning during the cell division;

* origins of replication, which are the places on chromosome where the replication of genetic
material starts;

* telomers as the defenders of the chromosomes against exonucleases.

Several types of YACs have been developed over the years, they usually consist mostly of a
E. coli pBR322 plasmid with some yeast genes, such as selective markers (usually at least two
located oppositely), origin of replication, gene CEN4 coding for centromere region, the two
telomeres fragments TEL, and an additional selective marker with a restriction enzyme site,
such as SUP4 gene that compensates for a mutation-causing accumulation of a red pigment
(Figure 24). YACs are equipped with a restriction enzyme site between two TEL sites, so that
upon cleavage, an “artificial” linear chromosome is created, subsequently SUP4 is cut, and the
chromosome is divided into two arms, between which a DNA fragment to be cloned is ligated,
thus recreating the single-line chromosome structure. The next step is to transform double
auxotrophic mutant organisms that will not be able to survive in the minimum medium with-
out the properly received YAC. Additional experimental control can be then tested by simple
optical inspection—colonies with disrupted SUP4 gene will appear as white, meaning they are
transformed, any other color means that the colony has not been properly transformed [121].

TRPI URA3

BamHI

BamH]I

Figure 24. Genetic structure of yeast artificial chromosome pYAC3.
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4.2. Yeast expression system

Recombinant proteins are the biomolecules of great importance, because among other things,
they are able to mimic the functions of native proteins; hence, they are extensively studied in
biotechnology and biopharmaceutical research. The critical point of target protein production
is the choice of efficient expression system which enables obtaining functional product with
high yield.

Yeast expression system constitutes a good alternative for widely used bacterial and higher
eukaryote expression systems. They are genetically well defined and are known to perform
many posttranslational modifications, including proper protein folding, disulfide bond for-
mation, and glycosylation [122]. The culturing of yeast is also easy, rapid, and cheap, which
is their big advantage over the insect or mammalian cells. They easily undergo genetical
manipulation and adapt to fermentation processes; therefore, using yeasts as a cell factory
is convenient and enables to obtain a fair amount of target protein. In contrast to bacteria,
recombinant proteins obtained in yeast expression systems are free of endotoxins that make
this system safer, especially in terms of medical and food application [114]. In fact, about 20%
of all biopharmaceuticals are produced by S. cerevisize. Among them, the most dominant are
insulin, human serum albumin, hepatitis vaccines, and virus-like particles used for vaccina-
tion against human papillomavirus [123].

However, yeast cells are limited in the production of human-like glycoproteins by their inabil-
ity to produce complex N-linked glycans. In addition, S. cerevisiae produce the hypermanno-
sylated N-linked glycans with the mannose residues being attached to the chitobiose core (a
dimmer of f5-1,4-linked glucosamine units). Hypermannosylation also results in a short half
life in vivo and thereby compromises the efficacy of most therapeutic glycoproteins [124]. To
overcome this issue, great deal of effort has been put into altering the glycosylation pathways
in P. pastorsis to produce strains possessing human-like N-glycosilation patterns [125, 126].
This achievement has contributed to the increased usefulness of yeast in industry for the pro-
duction of stable and recombinant glycoproteins.

There is no ultimate procedure for yeast expression system that could work equally well for
the production of all kinds of proteins. Optimization of whole process is the critical step to
obtain sufficient amounts of pure, properly folded and secreted protein of interest. While
small and simple in structure proteins are easy to obtain, the big and multi-domain protein
could require certain chaperones to facilitate the folding process [127]. The advantage of yeast
expression system is that it allows extracellular secretion of produced protein when proper
signaling sequence has been attached to the structural gene [114]. It significantly facilitates
the recombinant protein purification process from the culturing medium and allows to opti-
mize the culturing conditions. In order to increase protein secretion level, a few strategies
have been developed. One of them is protein engineering of a desired product, for instance
by modifying protein coding sequences and signaling sequences [128-130]. Since this meth-
odology is highly specific against each protein, the conditions optimized for one protein do
not always work for another. Different approach is to engineer the host strains and tune-up
folding and secretory machinery by overexpression or deletion genes that are critical for the
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protein secretion [131, 132]. Additionally, it has been shown that expression in low tempera-
tures enhances the level of secretion [133].

There are numerous varieties of expression vectors available for producing heterologous pro-
teins in yeast, and these are the derivatives of YIp, YEp, and YRp plasmids described previ-
ously. The DNA coding for the protein of interest is inserted into the vector. The type of
selective marker and promoter strength are key factors that determine the plasmid copy num-
ber and the mRNA level of the recombinant protein. Varieties of inducible and constitutive
promotors have been applied for gene expression in yeasts in the past. The first of these allow
the controllable gene expression. Most of inducible promoters are responsive to catabolite
repression or react to other environmental conditions, like in-cell iron concentration, stress, or
lack of essential amino acids. GAL promoter, which is induced by adding galactose, provides
a straightforward system for expression regulation of the cloned foreign gene [134]. Another
good example can be CUP1 promoter, which is induced by copper [135] or heat shock factor
promoter, induced by heat stress at 39°C [136]. There are also some other groups of promoters
that initiate strong and constitutive expression. TEF1 promoter, as an example of S. cerevisiae,
is a widely used representative of this group, as it can drive high gene expression in both high
and low glucose conditions [137]. Selection of a suitable promoter depends on specific process
requirements and the properties of the target protein to be produced.

Additionally, yeasts are recognized as a generally recognized as safe (GRAS) organism, which
only strengthens its position as the most frequently used microbial eukaryote for recombinant
protein synthesis.

4.3. Yeast’s two hybrid system

Ever since the Field and Song discovery described in 1989, a new approach toward the
examination of protein-protein interactions emerged, it was named as the yeast two-hybrid
system. It allows to detect the interaction of two proteins in the yeast cell, and it can be used
to select an interacting partner of a known protein. This technique takes the advantage of
the fact that majority of eukaryotic transcriptional factors, such as Gal4p, consist of two
independent, functional DNA domains: binding domain (BD) and transcription activation
domain (AD). While the two domains are normally on the same polypeptide chain, the tran-
scription factor also functions when these two domains are brought together by noncovalent
protein-protein interactions. In yeast hybrid system, each of these domains is connected to
the one from the studied protein. As a result, two fusion proteins are created: one combined
to DNA-binding domain (BD) and the other joined to activation domain (AD) [138]. The
genes coding for both fusion proteins are carried by different plasmids, but each plasmid
undergoes expression in the same yeast cell. If the interaction between studied proteins
occurs, BD and AD domains are close enough to activate transcription of a reporter gene
that is regulated by the transcription factors.

General idea of the yeast two-hybrid system can be represented by an example of transcrip-
tional factors and a gene coding for f-galactosidase, wherein the interaction between studied
proteins may potentially lead to the expression of the reporter gene coding for f-galactosidase
in E. coli lacZ reporter gene. The presence of this enzyme can later be verified by simple reac-
tion with X-gal, which yields a blueish insoluble product, thereby confirming or denying the
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association of studied proteins. Since 1989, yeast two-hybrid system has been studied exten-
sively and further developed to find countless new applications, some of which are summa-
rized and generally described in Ref. [139].

5. Conclusions

Discussed unique yeasts features, which are fundamental for their versatile applications are
still examined and after finishing the “Synthetic Yeast Genome Project (Sc2.0)” the new per-
spectives of the applying them will be opened as well as in the molecular biology and in the
industrial applications.

Acknowledgements

The project was supported by the Wroclaw Center of Biotechnology program, the Leading
National Research Center (KNOW) for the years 2014-2018.

Author details

Ewa Zymariczyk-Duda'*, Malgorzata Brzeziiska-Rodak’, Magdalena Klimek-Ochab',
Maciej Duda' and Agata Zerka?

*Address all correspondence to: ewa.zymanczyk-duda@pwr.edu.pl
1 Wroctaw University of Science and Technology, Wroctaw, Poland

2 Institute of Immunology and Experimental Therapy, Wroctaw, Poland

References

[1] Otterstedt K, Larsson C, Bill RM, Stahlberg A, Boles E, Hohmann S, Gustafsson L.
Switching the mode of metabolism in the yeast Saccharomyces cerevisiae. EMBO reports.
2004;5:532-537. DOI: 10.1038/sj.embor.7400132

[2] Barnett JA, Entian K-D. A history of research on yeasts 9: Regulation of sugar metabo-
lism. Yeast. 2005;22:835-894. DOI: 10.1002/yea.1249

[3] Steensels], Snoek T, Meersman E, Nicolino MP, Voordeckers K, Verstrepen KJ. Improving
industrial yeast strains: Exploiting natural and artificial diversity. FEMS Microbiology
Reviews. 2014;38:947-995. DOI: 10.1111/1574-6976.12073

[4] Hahn-Hagerdal B, Karhumaa K, Larsson CU, Gorwa-Grauslund M, Gorgens J, van Zyl
WH. Role of cultivation media in the development of yeast strains for large scale indus-
trial use. Microbial Cell Factories. 2005;4(31):1-16. DOI: 10.1186/1475-2859-4-31

29



30 Yeast - Industrial Applications

[5]

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Krogerus K, Magalhaes F, Vidgren V, Gibson B. Novel brewing yeast hybrids: Creation
and application. Applied Microbiology and Biotechnology. 2017;101:65-78. DOI: 10.1007/
s00253-016-8007-5

Piskur ], Rozpedowska E, Polakova S, Merico A, Compagno C. How did Saccharomyces
evolve to become a good brewer? Trends in Genetics. 2006;22(4):183-186. DOI: 10.1016/j.
tig.2006.02.002

Berlowska J, Kregiel D, Rajkowska K. Biodiversity of brewery yeast strains and their
fermentative activities. Yeast. 2015;32:289-300. DOI: 10.1002/yea.3041

Bond U. Chapter 6: The genomes of lager yeasts. Advances in Applied Microbiology.
2009;69:159-182. DOI: 10.1016/S0065-2164(09)69006-7

Soares EV. Flocculation in Saccharomyces cerevisiae: A review. Journal of Applied Micro-
biology. 2010;110:1-18. DOI: 10.1111/j.1365-2672.2010.04897 .x

Verstrepen KJ, Derdelinckx G, Verachtert H, Delvaux FR. Yeast flocculation: What brew-
ers should know. Applied Microbiology and Biotechnology. 2003;61:197-205. DOI:
10.1007/s00253-002-1200-8

Pretorius IS, Van der Westhuizen T], Augustyn OPH. Yeast biodiversity in vineyards and
wineries and its importance to the South African wine industry. South African Journal of
Enology and Viticulture. 1999;20:61-74

Liu Y, Rousseaux S, Tourdot-Marechal R, Sadoudi M, Gougeon R, Schmitt-Kopplin P,
AlexandreH.Winemicrobiome: A dynamicworld of microbialinteractions. CriticalReviews
in Food Science and Nutrition. 2017;57(4):56-873. DOI: 10.1080/10408398.2014.983591

Cordente AG, Curtin CD, Varela C, Pretorius IS. Flavor-active wine yeasts. Applied
Microbiology an Biotechnology. 2012;96:601-618. DOI: 10.1007/s00253-012-4370-z

Styger G, Prior B, Bauer FF. Wine flavor and aroma. Journal of Industrial Microbiology
and Biotechnology. 2011;38:1145-1159. DOI: 10.1007/s10295-011-1018-4

Degre AR. Selection and commercial cultivation of wine yeast and bacteria. In: Fleet GH,
editor. Wine Microbiology and Biotechnology. Reading: Harwood Academic; 1993. pp.
421-447

Ciani M, Capece A, Comitini F, Canonico L, Siesto G, Romano P. Yeast interactions in
inoculated wine fermentation. Frontiers in Microbiology. 2016;7(555):1-7. DOI: 10.3389/
fmicb.2016.00555

Perez-Torrado R, Querol A, Guillamon JM. Genetic improvement of non-GMO wine
yeasts: Strategies, advantages and safety. Trends in Food Science & Technology. 2015;45:
1-11. DOI: 10.1016/j.tifs.2015.05.002

Mortimer RK, Romano P, Suzzi G, Polsinelli M. Genome renewal: A new phenomenon
revealed from a genetic study of 43 strains of Saccharomyces cerevisiae derived from natural
fermentation of grape musts. Yeast. 1994;10(12):1543-1552. DOI: 10.1002/yea.320101203



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Yeast as a Versatile Tool in Biotechnology
http://dx.doi.org/10.5772/intechopen.70130

Magwene PM. Revisiting Mortimer’s Genome renewal hypothesis: Heterozygosity,
homothallism, and the potential for adaptation in yeast. Advances in Experimental
Medicine and Biology. 2014;781:37-48. DOI: 10.1007/978-94-007-7347-9_3

Magwene PM, Kaykg O, Granek JA, Reininga JM, Scholl Z, Murray D. Outcrossing, mitotic
recombination, and life-history trade-offs shape genome evolution in Saccharomyces cere-
visiae. Proceedings of the National Academy of Sciences of the USA. 2011;108(5):1987-
1992. DOI: 10.1073/pnas.1012544108

Borneman AR, Desany BA, Riches D, Affourtit JP, Forgan AH, Pretorius IS, Egholm
M, Chambers PJ. Whole-genome comparison reveals novel genetic elements that char-
acterize the genome of industrial strains of Saccharomyces cerevisiae. PLoS Genetics.
2011;7(2):1001287: 1-10. DOI: 10.1371/journal.pgen.1001287

Moreno-Arribas MV, Polo MC. Winemaking biochemistry and microbiology: Current
knowledge and future trends. Critical Reviews in Food Science and Nutrition. 2005;45:65-
286. DOI: 10.1080/10408690490478118

Eldarov MA, Kishkovskaia SA, Tanaschuk TN, Mardanov AV. Genomics and bio-
chemistry of Saccharomyces cerevisite wine yeast strains. Biochemistry (Moscow).
2016;81(13):1650-1668. DOI: 10.1134/S0006297916130046

Hong Y-A, Park H-D. Role of non-Saccharomyces yeasts in Korean wines produced from
campbell early grapes: Potential use of Hanseniaspora uvarum as a starter culture. Food
Microbiology. 2013;34:207-214. DOI: 10.1016/j.fm.2012.12.011

Wang C, Mas A, Esteve-Zarzoso B. Interaction between Hanseniaspora uvarum and

Saccharomyces cerevisine during alcoholic fermentation. International Journal of Food
Microbiology. 2015;206:67-74. DOI: 10.1016/j.ijfoodmicro.2015.04.022

Steensels ], Daenen L, Malcorps P, Derdelinckx G, Verachtert H, Verstrepen KJ, Kevin
J. Brettanomyces yeasts—From spoilage organisms to valuable contributors to indus-
trial fermentations. International Journal of Food Microbiology. 2015;206:24-38. DOI:
10.1016/j.ijfoodmicro.2015.04.005

Padilla B, Gil JV, Manzanares P. Past and future of non-Saccharomyces yeasts: From spoil-
age microorganisms to biotechnological tools for improving wine aroma complexity.
Frontiers in Microbiology. 2016;7(411):1-20. DOI: 10.3389/fmicb.2016.00411

Masneuf-Pomarede I, Bely M, Marullo P, Albertin W. The genetics of non-conventional
wine yeasts: Current knowledge and future challenges. Frontiers in Microbiology.
2016;6(1563):1-15. DOI: 10.3389/fmicb.2015.01563

Pretorius IS. Tailoring wine yeast for the new millennium: Novel approaches to the
ancient art of winemaking. Yeast. 2000;16:675-729. DOI: 10.1002/1097-0061(20000615)
16:8<675::AID-YEA585>3.0.CO;2-B

Walker GM, Hill AE. Saccharomyces cerevisiae in the production of whisk(e)y. Beverages.
2016;2(38):1-15. DOI: 10.3390/beverages2040038

31



32 Yeast - Industrial Applications

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[43]

Kim HR, Im Y-M, Ko H-M, Chin J-E, Kim I-C, Lee HB, Bai S. Raw starch fermentation
to ethanol by an industrial distiller’s yeast strain of Saccharomyces cerevisiae expressing

glucoamylase and a-amylase genes. Biotechnology Letters. 2011;33:1643-1648. DOI:
10.1007/s10529-011-0613-9

Stewart GG, Hill AE, Russell I. 125th anniversary review: Developments in brewing and
distilling yeast strains. Journal of the Institute of Brewing. 2013;119(4):202-220. DOI:
10.1002/jib.104

Cho IH, Peterson DG. Chemistry of bread aroma: A review. Food Science and Bio-
technology. 2010;19(3):575-582. DOI: 10.1007/s10068-010-0081-3

Perez-Torrado R, Gamero E, Gomez-Pastor R, Garre E, Aranda A, Matallana E. Yeast
biomass, an optimized product with myriad applications in the food industry. Trends in
Food Science & Technology. 2015;46:167-175. DOI: 10.1016/j.tifs.2015.10.008

Gelinas P. Aeration and foam control in Baker’s yeast production: Mapping patents.
Comprehensive Reviews in Food Science and Food Safety. 2015;15:371-391. DOI:
10.1111/1541-4337.12188

Attfield PV. Stress tolerance: The key to effective strains of industrial baker's yeast.
Nature Biotechnology. 1997;15:1351-1357. DOI: 10.1038/nbt1297-1351

Shima J, Takagi H. Stress-tolerance of baker’s-yeast (Saccharomyces cerevisiae) cells: Stress-
protective molecules and genes involved in stress tolerance. Biotechnology and Applied
Biochemistry. 2009;53:155-164. DOI: 10.1042/BA20090029

Suman G, Nupur M, Anuradha S, Pradeep B. Single cell protein production: A Review.
International Journal of Current Microbiology and Applied Sciences. 2015;4(9):251-262

Patelski P, Berlowska ], Dziugan P, Pielech-Przybylska K, Balcerek M, Dziekonska
U, Kalinowska H. Utilisation of sugar beet bagasse for the biosynthesis of yeast SCP.
Journal of Food Engineering. 2015;167:32-37.DOI: 10.1016/j.jfoodeng.2015.03.031

Nasseri AT, Rasoul-Amini S, Morowvat MH, Ghasemi Y. Single cell protein: Production
and process. American Journal of Food Technology. 2011;6:103-116. DOI: 10.3923/
ajft.2011.103.116

Chi Z, Yan K, Gao L, Li J, Wang X,Wang L. Diversity of marine yeasts with high pro-
tein content and evaluation of their nutritive compositions. Journal of the Marine
Biological Association of the United Kingdom. 2008;88(7):1347-1352. DOI: 10.1017/
50025315408001938

Sarlin PJ, Philip R. Marine yeasts as feed supplement for Indian white prawn Fenneropenaeus
indicus: Screening and Testing the Efficacy. International Journal of Current Microbiology
and Applied Sciences. 2016;5(1):55-70. DOI: 10.20546/ijcmas.2016.501.005

Anupamaa, Ravindra P. Value-added food: Single cell protein. Biotechnology Advances.
2000;18:459-479. DOI: 10.1016/S0734-9750(00)00045-8



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Yeast as a Versatile Tool in Biotechnology
http://dx.doi.org/10.5772/intechopen.70130

Liang MH, Jiang ]JG. Advancing oleaginous microorganisms to produce lipid via
metabolic engineering technology. Progress in Lipid Research. 2013;52:395-408. DOI:
10.1016/j.plipres.2013.05.002

Probst KV, Schulte LR, Durrett TP, Rezac ME, Vadlan PV. Oleaginous yeast: A value-
added platform for renewable oils. Critical Reviews in Biotechnology, 2016;36(5):942-
955. DOI: 10.3109/07388551.2015.1064855

Papanikolaou S, Chevalot I, Komaitis M, Aggelis G, Marc I. Kinetic profile of the cellu-
lar lipid composition in an oleaginous Yarrowia lipolytica capable of producing a cocoa-
butter substitute from industrial fats. Antonie van Leeuwenhoek. 2001;80:215-224. DOI:
10.1023/A:1013083211405

Beopoulos A, Nicaud JM, Gaillardin C. An overview of lipid metabolism in yeasts and
its impact on biotechnological processes. Applied Microbiology and Biotechnology.
2011;90:1193-1206. DOI: 10.1007/s00253-011-3212-8

Uemura H. Synthesis and production of unsaturated and polyunsaturated fatty acids
in yeast: Current state and perspectives. Applied Microbiology and Biotechnology.
2012;95(1):1-12. DOI: 10.1007/s00253-012-4105-1

Papanikolaou S, Aggelis G. Lipids of oleaginous yeasts. Part I: Biochemistry of single
cell oil production. European Journal of Lipid Science and Technology. 2011;113(8):1031-
1051. DOI: 10.1002/ej1t.201100014

Papanikolaou S, Aggelis G. Lipids of oleaginous yeasts. Part II: Technology and poten-
tial applications. European Journal of Lipid Science and Technology. 2011;113:1052-1073.
DOI: 10.1002/ej1t.201100015

Leiva-Candia DE, Pinzi S, Redel-Macias MD, Koutinas A, Webb C, Dorado MP. The
potential for agro-industrial waste utilization using oleaginous yeast for the production
of biodiesel. Fuel. 2014;123:33-42. DOI: 10.1016/j.fuel.2014.01.054

Ageitos JM, Vallejo JA, Veiga-Crespo P, Villa TG. Oily yeasts as oleaginous cell fac-
tories. Applied Microbiology and Biotechnology. 2011;90:1219-1227. DOI: 10.1007/
s00253-011-3200-z

Groenewald M, Boekhout T, Neuveglise C, Gaillardin C, van Dijck PWM, Wyss
M. Yarrowia lipolytica: Safety assessment of an oleaginous yeast with a great
industrial potential. Critical Reviews in Microbiology. 2014;40(3):187-206. DOI:
10.3109/1040841X.2013.770386

Ratledge C. Fatty acid biosynthesis in microorganisms being used for single cell oil pro-
duction. Biochimie. 2004;86:807-815. DOI: 10.1016/j.biochi.2004.09.017

Koutinas AA, Chatzifragkou A, Kopsahelis N, Papanikolaou S, Kookos IK. Design and
techno-economic evaluation of microbial oil production as a renewable resource for bio-
diesel and oleochemical production. Fuel. 2014;116:566-577. DOI: 10.1016/j.fuel.2013.08.045

33



34 Yeast - Industrial Applications

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Huang C, Chen X, Xiong L, Chen X, Ma L, Chen Y. Single cell oil production from low-
cost substrates: The possibility and potential of its industrialization. Biotechnology
Advances. 2013;31:129-139. DOI: 10.1016/j.biotechadv.2012.08.010

Goldberg K, Schroer K, Lutz S, Liese A. Biocatalytic ketone reduction-a powerful tool for
the production of chiral alcohols-part II: Whole cell reductions. Applied Microbiology
and Biotechnology. 2007;76: 249-255. DOI: 10.1007/s00253-007-1005-x

Ye Q, Ouyang P, Ying H. A review-biosynthesis of optically pure ethyl (S)-4-chloro-
3-hydroxybutanoatw ester: Recent advances and future perspectives. Applied
Microbiology and Biotechnology. 2011;89:513-522. DOI: 10.1007/s00253-010-2942-3

Ferraboschi P, Ciceri S, Ciuffreda O, De Mieri M, Romano D, Grisenti P. Baker’s yeast
catalysed preparation of a new enantiomerically pure synthon of (S)-pramipexole and
its enantiomer (dexpramipexole). Tetrahedron: Asymmetry. 2014;25:1239-1245. DOI:
10.1016/j.tetasy.2014.07.011

Arifin A, Don M, Uzir M. Baker’s yeast mediated biotransformation geraniol into cit-
ronellol using a continuous-closed-glass-loop bioreactor (CCGLB) system. Bichemical
Engineering Journal. 2011;56:219-224. DOI: 10.1016/j.bej.2011.07.001

Mane A, Lohar T, Salunkhe R. Baker’s yeast as an efficient biocatalyst for regioselec-
tive 1,4-conjugate addition of indoles to nitroolefines in aqueous medium. Tetrahedron
Letters. 2016;57:2341-2346. DOI: 10.1016/].tetlet.2016.04.057

Straathof AJ], Panke S, Schmid A. The production of fine chemicals by biotransforma-
tions. Current Opinion in Biotechnology. 2002;13:548-556. http://dx.doi.org/10.1016/
S0958-1669(02)00360-9

Forti L, Di Mauro S, Cramarossa MR, Filippucci S, Turchetti B, Buzzini P. Non-conventional

yeasts whole cells as efficient biocatalysts for the production of flavors and fragrances.
Molecules. 2015;20:10377-10398. DOI: 10.3390/molecules200610377

Schaefer CA, Silva VD, Stambuk BU, Nascimento M. Use of Saccharomyces cerevisiae
yeasts in the chemoselective bioreduction of (1E,4E)-1,5-Bis(4-Methoxyphenyl)-1,4 pen-
tadien-3-one in biphasic system. Journal of the Brazilian Chemical Society. 2103;24:1116-
1122. http://dx.doi.org/10.5935/0103-5053.20130140

Katz M, Frejd T, Hahn-Hagerdal B, Gorwa-Grauslund MF. Efficient anaerobic whole cell
stereoselective bioreduction with recombinant Saccharomyces cerevisiae. Biotechnology
and Bioengineering. 2003;84(5):573-582. DOI: 10.1002/bit.10824

Hasan F, Shah AA, Hameed A. Methods for detection and characterization of lipases:
A comprehensive review. Biotechnology Advanced. 2009;27(6):782-798. http://dx.doi.
org/10.1016/j.biotechadv.2009.06.001

Vakhlu J, Kour A. Yeast lipases: Enzyme purifications, biochemical properties and
gene cloning. Electronic Journal of Biotechnology. 2006;9:69-81. DOI: 10.2225/vol9-
issuel-fulltext-9



[68]

[69]

[70]

[71]

[72]

[73]

[73]

[76]

[77]

[78]

[79]

Yeast as a Versatile Tool in Biotechnology
http://dx.doi.org/10.5772/intechopen.70130

Kazlauskas R], Bornscheuer UT. Biotransformations with lipases. In: Rehm J, Reed G,
Puchler A, Stadler P, editors. Biotechnology. Weinheim: Wiley-VCH; 1998. pp. 37-191

Sharma S, Kanwar SS. Organic solvent tolerant lipases and applications. The Scientific
World Journal. 2014;2014:15p. http://dx.doi.org/10.1155/2014/625258

Gongalves FAG, Colen G, Takahashi JA. Yarrowia lipolytica and its multiple applications
in the biotechnological industry. The Scientific World Journal. 2014;2014:14. p. http://
dx.doi.org/10.1155/2014/476207

Anderson EM, Larsson KM, Kirk O. One biocatalyst-many applications: The use of
Candida antarctica B-lipase in organic synthesis. Biocatalysis and Biotransformations.
1998;16:181-204. http://dx.doi.org/10.3109/10242429809003198

Weber N, Weitkamp P, Mukherjee KD. Steryl and stanyl esters of fatty acids by sol-
vent-free esterification and transesterification in vacuo using lipases from Rhizomucor

miehei, Candida antarctica, and Carica papaya. Journal of Agriculture and Food Chemistry.
2001;49(11):5210-5216. DOI: 10.1021/jf0107407

Hamam F, Shahidi F. Synthesis of structured lipids containing medium-chain and
Omega-3 fatty acids. Journal of Agriculture and Food Chemistry. 2006;54:4390-4396.
DOI: 10.1021/j£052540r

Gross RA, Kalra B. Biodegradable polymers for the environment. Science. 2002;297(5582):
803-807. DOI: 10.1126/science.297.5582.803

Gross RA, Kumar A, Kalra B. Polymer synthesis by in vitro enzyme catalysis. Chemical
Reviews. 2001;10(7):2097-2124. DOI: 10.1021/cr0002590

Cabrera Z, Fernandez-Lorente G, Fernandez-Lafuente R, Palomo JM, Guisan JM.
Novozym 435 displays very different selectivity compared to lipase from Candida ant-
arctica B adsorbed on other hydrophobic supports. Journal of Molecular Catalysis B:
Enzymatic. 2009;57:171-176. http://dx.doi.org/10.1016/j.molcatb.2008.08.012

Ueji SI, Nishimura M, Kudo R, Matsumi R, Watanabe K, Ebara Y. A dramatic improve-
ment of enantioselectivity of lipase in organic solvents by addition of aqueous SDS: A

close correlation between enantioselectivity and conformational flexibility of lipase.
Chemical Letters. 2001;30:912-913. DOI: 10.1002/chin.200206031.

Watanabe K, Ueji SI. Dimethyl sulfoxide as a co-solvent dramatically enhances the
enantioselectivity in lipase-catalyzed resolutions of 2-phenoxypropionic acyl deriva-
tives. Journal of the Chemical Society, Perkin Transactions 1. 2001;1(12):1386-1390. DOI:
10.1039/B100182P

Hirose Y, Kariya K, Sasaki I, Kurono Y, Ebiike H, Achiwa K. Drastic solvent effect
on lipase-catalysed enantioselective hydrolysis of prochiral 1,4-dihydropyridines.
Tetrahedron Letters. 1992;33:7157-7160. http://dx.doi.org/10.1016/S0040-4039(00)60861-4

35



36 Yeast - Industrial Applications

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

Kirk O, Christensen MW. Lipases from Candida antarctica: Unique biocatalysts from
a unique origin. Organic Process Research & Development. 2002;6(4):446-451. DOI:
10.1021/0p0200165

Domingues de Maria P, Carboni-Oerlemans C, Tuin B, Bargeman G, van der Meer A,
van Gemert R. Biotechnological applications of Candida antarctica lipase A: State-of-
the-art. Journal of Catalysis B: Enzymatic. 2005;37:36-46. http://dx.doi.org/10.1016/;.
molcatb.2005.09.001

Schmidt M, Barbayianni E, Fotakopoulou I, Hoéhne M, Constantinou-Kokotou V,
Bornscheuer UT, Kokotos G. Enzymatic removal of carboxyl protecting groups. 1.
Cleavage of the tert-butyl moiety. Journal of Organic Chemistry. 2005;70(9):3737-3740.
DOI: 10.1021/jo050114z

Gotor-Fernandez V, Brieva R, Gotor V. Lipases: Useful biocatalysts for the preparation
of pharmaceuticals. Journal of Molecular Catalysis. 2006;40:111-120. DOI: 10.1016/;.
molcatb.2006.02.010

Kingery-Wood ], Johnson JS. Resolution of anti-3-oxotricyclo[2.2.1.0]heptane-7-carbox-
ylic acid by Candidia antartica lipase A. Tetrahedron Letters. 1996;37(23):3975-3976. http://
dx.doi.org/10.1016/0040-4039(96)00759-9

Davies HG, Green RH, Kelly DR, Roberts SM. Recent advances in the generation of
chiral intermediates using enzymes. Biotechnology. 1990;10:129-152. http://dx.doi.
org/10.3109/07388559009068264

Sih CJ, Gu Q-M, Holdgrun X, Harris K. Optically-active compounds via biocatalytic
methods. Chirality. 1992;4:91-97. DOI: 10.1002/chir.530040205

Margolin AL. Enzymes in the synthesis of chiral drugs. Enzyme and Microbial
Technologies. 1993;15:266-280. http://dx.doi.org/10.1016/0141-0229(93)90149-V

Salzar L, Bermudez JL, Ramirez C, Llama EF, Sinisterra JV. Resolution of 3-a-Naphthoxy-
1,2-propanediol Using Candida antarctica Lipase. Tetrahedron. 1999;10:3507-3514.
http://dx.doi.org/10.1016/S0957-4166(99)00366-3

Orrenius C, Oehrner N, Rotticci D, Mattson A, Hult K, Norin T. Candida antarc-
tica lipase B catalyzed kinetic resolutions: Substrate structure requirements for the
preparation of enantiomerically enriched secondary alcohols. Ibid. 1995;6:1217-1220.
10.1016/0957-4166(95)00147-h

Patel RN, Banerjee A, Nanduri V, Goswami A, Comezoglu FT. Enzymatic resolution of
racemic secondary alcohols by lipase B from Candida antarctica. Journal of the American
Oil Chemists” Society. 2000;Vol. 77:Issue (10). 1015-1019. DOI: 10.1007/s11746-000-0161-y

Sauerberg P, Olesen PH. Heterocyclic Compounds and their Preparation and Use. 1995;
U.S. Patent 5, 418:240

Hamilton GS, Li J-H, Steiner J-P. Method of Using Neutrotrophic Sulfonamide Com-
pounds. 1998; U.S. Patent 5, 721:256



[94]

[95]

[96]

[97]

[98]
[99]

[100]

[101]

[102]

[103]

[104]

[105]

Yeast as a Versatile Tool in Biotechnology
http://dx.doi.org/10.5772/intechopen.70130

Hutt AJ, Caldwell J. The importance of stereochemistry in the clinical pharmacoki-
netics of the 2-arylpropionic acid non-steroidal anti-inflammatory drugs. Clinical
Pharmacokinetics. 1984;9(4):371-373. DOI: 10.2165/00003088-198409040-00007

Siddmiak T, Ruminski JK, Marszat M. Application of lipases from Candida rugosa in
the enantioselective esterification of (R,S)-ibuprofen. Current Organic Chemistry.
2012;16(8):972-977. DOI: 10.2174/138527212800194728

Breuer M, Ditrich K, Habicher T, Hauer B, KefSeler M, Stiirmer R, Zelinski T. Industrial
methods for the production of optically active intermediates. Angewandte Chemie
International Edition. 2004;43(7):788-824. DOI: 10.1002/anie.200300599

Gotor-Fernandez V, Busto E, Gotor V. Candida antarctica lipase B: An ideal biocata-
lyst for the preparation of nitrogenated organic compounds. Advanced Synthesis &
Catalysis. 2006;348:797-812. DOI: 10.1002/adsc.200606057

Torre O, Busto E, Gotor-Fernandez V, Gotor V. Enzymatic preparation of novel ami-
noalkylpyridines using lipases in organic solvents. Advanced Synthesis & Catalysis.
2007;349:1481-1488. DOI: 10.1002/adsc.200600634

Borch K, Christensen M. WO 01/53511 A1; 2001

Pihko AJ, Lundell K, Kanerva L, Koskinen AMP. Enantioselective synthesis of a
hindered furyl substituted allyl alcohol intermediate: A case study in asymmetric
synthesis. Tetrahedron: Asymmetry. 2004;15:1637-1643. http://dx.doi.org/10.1016/j.
tetasy.2004.04.004

Paizs C, Tahtinen P, Tosa M, Majdik C, Irimie FD, Kanerva LT. Biocatalytic enantiose-
lective preparation of phenothiazine-based cyanohydrin acetates: Kinetic and dynamic
kinetic resolution. Tetrahedron. 2004;60(46):10533-10540. http://dx.doi.org/10.1016/j.
tet.2004.06.136

de Gonzalo G, Lavandera I, Brieva R, Gotor V. Enzymatic acylation reactions on
w-hydroxycyanohydrins. Tetrahedron. 2004;60(46):10525-10532. http://dx.doi.org/10.
1016/j.tet.2004.06.134

Romero-Gomez S, Augur C, Viniegra-Gonzalez G. Invertase production by Aspergillus
niger in submerged and solid-state fermentation. Biotechnology Letters. 2000;22:1255-
1258. DOI: 10.1023/A:1005659217932

Kotwal SM, Shankar V. Immobilized invertase. Biotechnology Advanced. 2009;27:311-
322. http://dx.doi.org/10.1016/j.biotechadv.2009.01.009

Kulshrestha S, Tyagi P, Sindhi V, Yadavilli KS. Invertase and its applications— A brief
review. Journal of Pharmacy Research. 2013;7(9):792-797. http://dx.doi.org/10.1016/j.
jopr.2013.07.014

Mussatto SI, Mancilha IM. Non-digestible oligosaccharides: A review. Carbohydrate
Polymers. 2007;68:587-597. DOI: 10.1016/j.carbpol.2006.12.011

37



38 Yeast-

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]
[118]

Industrial Applications

Lahiri S, Basu A, Sengupta S, Banerjee S, Dutta T, Soren D, Chattopadhyay K, Ghosh
AK. Purification and characterization of a trehalase-invertase enzyme with dual activ-
ity from Candida utilis. Archives of Biochemistry and Biophysics. 2012;522(2):90-99.
http://dx.doi.org/10.1016/j.abb.2012.03.026

Zhu D, Yang Y, Hua L. Stereoselective enzymatic synthesis of chiral alcohols with the
use of a carbonyl reductase from Candida magnoliae with anti-Prelog enantioselectivity.
Journal of Organic Chemistry. 2006;71:4202-4205. DOI: 10.1021/jo0603328

Seebach D, Sutter MA, Weber RH, Ziige MF. Yeast reduction of ethyl acetoacetate:
(S)-( + )-ethyl 3-hydroxybutanoate. Organic Synthesis. 1985;63:1-7. DOIL: 10.15227/
orgsyn.063.0001

Kawai Y, Tsujimoto M, Kondo S, Takanobe K, Nakamura K, Ohno A. Asymmetric

reduction of (3-keto esters with an enzyme from Bakers’ yeast. Bulletin of the Chemical
Society of Japan. 1994;67:524-528. http://dx.doi.org/10.1246/bcsj.67.524

Williams RE, Bruce NC. New uses for an old enzyme—the old yellow enzyme fam-
ily of flavoenzymes. Microbiology. 2002;148:1607-1614. http://dx.doi.org/10.1099/
00221287-148-6-1607

Swiderska MA. Application of Saccharomyces carlsbergensis old yellow enzyme in
synthesis of chiral ketones and building blocks for $-amino acids [thesis]. University
Of Florida; 2007, Gainesville, Florida 32611, United Stated of America

Meah Y, Massey V. Old yellow enzyme: Stepwise reduction of nitroolefins and catalysis
of aci-nitro tautomerization. Proceedings of the National Academy of Science of the
United States of America. 2000;97:10733-10738. DOI: 10.1073/pnas.190345597

Karathia H, Vilaprinyo E, Sorribas A, Alves R. Saccharomyces cerevisiae as a model
organism: A comparative study. PLoS One. 2011;6(2):e16015. DOI: 10.1371/journal.
pone.0016015

Demain AL, Vaishnav P. Production of recombinant proteins by microbes and higher
organisms. Biotechnology Advances.2009;27(3):297-306.DO0OI:10.1016/j.biotechadv.
2009.01.008

LiF, Long T, Lu Y, Ouyang Q, Tang C. The yeast cell-cycle network is robustly designed.
Proceedings of the National Academy of Sciences of the United States of America.
2004;101(14):4781-4786. DOI: 10.1073/pnas.0305937101

Duina AA, Miller ME, Keeney JB. Budding yeast for budding geneticists: A primer on
the saccharomyces cerevisiae model system. Genetics. 2014;197(1):33-48. DOI: 10.1534/
genetics.114.163188

http://syntheticyeast,org/

Goffeau A, Barrell BG, Bussey H, Davis RW, Dujon B, Dujon B, Feldmann H, Galibert
F, Hoheisel ]JD, Jacq C, Johnston M, Louis EJ, Mewes HW, Murakami Y, Philippsen P,
Tettelin H, Oliver SG. Life with 6000 genes. Science. 1996;274:546-567. DOI: 10.1126/
science.274.5287.546



[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Yeast as a Versatile Tool in Biotechnology
http://dx.doi.org/10.5772/intechopen.70130

Kojo H, Greenberg BD, Sugino A. Yeast 2-micrometer plasmid DNA replication in vitro:
Origin and direction. Proceedings of the National Academy of Sciences of the United
States of America. 1981;78(12):7261-7265. DOI: 10.1073/pnas.78.12.7261

Stearns T, Ma H, Botstein D. Manipulating yeast genome using plasmid vectors.
Methods in Enzymology. 1990;185:280-297

Brown TA. Gene cloning and DNA analysis: An introduction. 6th ed. Manchester:
Wiley; 2010. pp. 105-112

Hou ], Tyo KEJ, Liu Z, Petranovic D, Nielsen ]. Metabolic engineering of recombinant
protein secretion by Saccharomyces cerevisiae. FEMS Yeast Research. 2012;12(5):491-510.
DOI: 10.1111/j.1567-1364.2012.00810.x

Nielsen ]. Production of biopharmaceutical proteins by yeast. Bioengineered.
2013;4(4):207-211. DOI: 10.4161/bioe.22856

Burda P, Aebi M. The dolichol pathway of N-linked glycosylation. Biochimica et
Biophysica Acta (BBA)—General Subjects. 1999;1426(2):239-257. DOI: 10.1016/50304-4165
(98)00127-5

Wildt S, Gerngross TU. The humanization of N-glycosylation pathways in yeast. Nature
Reviews Microbiology. 2005;3(2):119-128. DOI: 10.1038/nrmicro1087

Hamilton SR, Gerngross TU. Glycosylation engineering in yeast: The advent of fully
humanized yeast. Current Opinion in Biotechnology. 2007;18(5):387-392. DOI: 10.1016/;.
copbio.2007.09.001

Payne T, Finnis C, Evans LR, Mead D], Avery SV, Archer DB, et al. Modulation of chap-
erone gene expression in mutagenized Saccharomyces cerevisiae strains developed for
recombinant human albumin production results in increased production of multiple
heterologous proteins. Applied and Environmental Microbiology. 2008;74(24):7759-
7766. DOI: 10.1128/AEM.01178-08

Fukuda K, Jensen MH, Haser R, Aghajari N, Svensson B. Biased mutagenesis in the
N-terminal region by degenerate oligonucleotide gene shuffling enhances secretory
expression of barley a-amylase 2 in yeast. Protein Engineering, Design and Selection.
2005;18(11):515-526. DOI: 10.1093/protein/gzi057

Kjeldsen T, Ludvigsen S, Diers I, Balschmidt P, Serensen AR, Kaarsholm NC.
Engineering-enhanced protein secretory expression in yeast with application to insulin.
Journal of Biological Chemistry. 2002;277(21):18245-18248. DOI: 10.1074/jbc.C200137200

Rakestraw JA, Sazinsky SL, Piatesi A, Antipov E, Wittrup KD. Directed evolution
of a secretory leader for the improved expression of heterologous proteins and full-

length antibodies in Saccharomyces cerevisiae. Biotechnology and Bioengineering.
2009;103(6):1192-1201. DOI: 10.1002/bit.22338

Harmsen MM, Bruyne MI, Raué HA, Maat J. Overexpression of binding protein and
disruption of the PMR1 gene synergistically stimulate secretion of bovine prochy-
mosin but not plant thaumatin in yeast. Applied Microbiology and Biotechnology.
1996;46(4):365-370

39



40 Yeast-

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Industrial Applications

Smith JD, Tang BC, Robinson AS. Protein disulfide isomerase, but not binding pro-
tein, overexpression enhances secretion of a non-disulfide-bonded protein in yeast.
Biotechnology and Bioengineering. 2004;85(3):340-350. DOI: 10.1002/bit.10853

Homma T, Iwahashi H, Komatsu Y. Yeast gene expression during growth at low tem-
perature. Cryobiology. 2003;46(3):230-237

Hovland P, Flick J, Johnston M, Sclafani RA. Galactose as a gratuitous inducer of GAL
gene expression in yeasts growing on glucose. Gene. 1989;83(1):57-64

Koller A, Valesco ], Subramani S. The CUP1 promoter of Saccharomyces cerevisiae is
inducible by copper in Pichia pastoris. Yeast (Chichester, England). 2000;16(7):651-656.
DOI: 10.1002/(SICI)1097-0061(200005)16:7<651:: AID-YEA580>3.0.CO;2-F

Li N, Zhang L-M, Zhang K-Q, Deng J-S, Prandl R, Schoffl F. Effects of heat stress on
yeast heat shock factor-promoter binding in vivo. Acta Biochimica Et Biophysica Sinica.
2006;38(5):356-362

Gatignol A, Dassain M, Tiraby G. Cloning of Saccharomyces cerevisiae promoters
using a probe vector based on phleomycin resistance. Gene. 1990;91(1):35-41. DOI:
10.1016/0378-1119(90)90159-O

Fields S, Song O. A novel genetic system to detect protein-protein interactions. Nature.
1989;340(6230):245-246. DOI: 10.1038/340245a0

Stynen B, Tournu H, Tavernier ], Dijck PV. Diversity in genetic in vivo methods for pro-
tein-protein interaction studies: From the yeast two-hybrid system to the mammalian
split-luciferase system. Microbiology and Molecular Biology Reviews. 2012;76(2):331-
382. DOI: 10.1128/MMBR.05021-11



