We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 5

Secretion Mechanism across Wall

Aline Lopez-Vargas,

Gurusami Kutralam-Muniasamy, Aldo Amaro-Reyes,
Fermin Pérez-Guevara and

Jorge Noel Gracida Rodriguez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70783

Abstract

Yeast organisms are widely explored by humans for different biotechnological applica-
tions. During their growth, they need to adapt and interact themselves with the environ-
ment medium. For this purpose, organisms uptake nutrients and at the same time secrete
different molecules include proteins to extracellular medium. This phenomenon requires
the use of specialized structures to regulate entry and exit of molecules called transporters.
Two transporters, namely Proteins and Vesicles, are specialized in translocating molecules
in and out across the wall. The knowledge of these systems is important and served to
bring novel applications of yeast. Taking together, this book chapter is divided into two
parts: at first, it primarily accounts on few examples of protein (carbohydrates and perox-
isome proteins) and vesicle (intracellular and extracellular vesicles) transporters of yeasts.
Second, it deals with the recent advances of yeast applications in diverse area of science.

Keywords: vesicles, symporter, induction, repression, transporters

1. Introduction

For decades, Saccharomyces cerevisine has been the model organism of the lower eukaryotes.
The available complete genome favors access to perform possible molecular and genetics
researches to understand cell activities of this yeast. The composition and concentration of
molecules that conform the outer medium dictates the transporters pattern present in the
cellular membrane. The role of molecular transport mechanisms is highly recognized and
well-studied. Basically, transport systems can be drawn in two ways; the barrier systems- cell
membrane and cell wall. (1) Transport of compounds from inside to outside, (2) And outside to
inside. There are many compounds involucrated in the phenomenon: carbohydrates, peptides,
some proteins (mucin-type glycopeptides and gycoproteins) and ions (Figure 1). As organisms
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G n Vesicles

Figure 1. Pictorial representation of diverse transport systems present in the yeast organisms. It includes protein machin-
ery for the transport of biomolecules such as glucose, amino acids, enzymes, ions. Other transporters include vehicles
such as vesicles, which are bi-layered liposomes.

like S. cerevisine contains multiple membranous organelles, it is expected to conduct similar
types of transport, from cytosol to intracellular organelles across the membrane. Organelle
could be any of the following: Nucleus, Mitochondria, Golgi bodies, Endoplasmic reticulum,
Peroxisomes. Besides diffusion, various types of transport systems are shown to be involved to
either import or export molecules across membranes; we categorize different types reported in
the literature. Membrane transporters: Embedded in the membrane are demonstrated to carry
out different mechanisms such as a) Protein transport, b) Carbohydrate transport, c) Bilayered
membranous vesicles (both intracellular and extracellular vesicles).

2. Hydrocarbons transporters of yeast

There is a great diversity of yeasts and they all require a carbon source to maintain metabolic,
physiological and cell growth processes. One of the main nutrients is glucose because it plays a
key role regulating the expression of sugar-carrying genes. Yeasts can also consume different
types of sugars like xylose, arabinose and under very specific conditions glycerol. These nutri-
ents need to be introduced into the cell whereby yeasts have developed numerous transporters
proteins, with similar structures, but with very specific substrate functions and affinities.
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2.1. Glucose regulation

Glucose is a substrate of easy metabolism and can act as a signaling molecule depending of its
extracellular/intracellular concentration to adjust diverse cellular activities. In Saccharomyces
cerevisiae, there are two pathways to control glucose consume by regulation of HXT transporter [1].

2.1.1. Pathway of glucose induction Rgt2/Snf3, responsible for its consumption.

Snf3, and Rgt2 are important sugar sensors (not glucose transport) in the S. cerevisiae, they are in
cell membrane and play key roles, selecting what nutrient to utilize and coordinating expression
of sugar transporters. Under low glucose concentration Snf3 sensor elevates the transcription of
high-affinity hexose transporter genes, while at high concentrations, Rgt2 sensor promotes low-
affinity hexose transporter expression [2]. In both cases, glucose binding to sensors leads their
conformation switch and activate a casein kinase I (Yck1/2) which phosphorylates regulators of
the glucose-sensing signal transduction pathway Mth1 and Std1 to subsequently be ubiquitylated
and degraded [3]. The degradation of Mth1l and Std1 interrupts the interaction between a tran-
scriptional factor Rgtl and Cyc8/Tupl to form a general co-repressor complex of expression of
HXT genes. Once liberated Rgt1 is phosphorylated therefor HXT genes are expressing [4].

2.1.2. Pathway of glucose repression Snfl/Mthl negatively regulates genes involved in glucose
oxidation and the use of alternative sugars.

Under glucose limitation, there is transcriptional inhibition of hexose transporter genes (HXT)
by blocking of their promoter by a repressor complex conformed with Snfl, the complex Cyc8-
Tupl and the Mth1/Std1 [1, 5]. This mechanism is required for the yeast to adapt to glucoses
limitation medium.

In Candida albicans membrane, the sugar sensor Hht4 (homolog to Snf3 and Rgt2) responses to
different levels of sugar by inactivation of a transcriptional repressor Rgt1 that regulates multiple
HGT genes encoding hexoses transporters (Hgt2, Hxt10 and Hgt7), this process plays a key role
in systemic infections [6]. Hxt4 expression is repressed by high levels of glucose. Snf3p in Candida
glabrata is essential for growth in low glucose media and plays a role in the induction of several
hexoses transporters [7]. Kluyveromyeces lactis possesses a system of glucose signaling that also
depends of intercellular glucose metabolism, demonstrated in glycolytic mutants whose affec-
tion has a direct correlation with the repression of one of its main transporters of glucose Ragl.
[8]. Figure 2 shows the expression pattern of the carbohydrates transporters depending on the
glucose concentration.

2.2. Hexoses transporters

The vast majority of yeast carbohydrate transporters belong to the Major Facilitator Superfam-
ily (MFS) and the hexoses transporters (HXT) of S. cerevisiae have been extensively studied.
HXT family is conformed of 17 putative membrane proteins with a high similarity, but differ-
ent affinities, [9]. A deletion assay has demonstrated that HXT1-4, HXT6-7 are the mayor
functional transporters in glucose or fructose [10]. Some transporters can transport xylose
efficiently but there is inhibition by glucose presence because they have a clear preference for
this sugar [11].
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Figure 2. Expression of transporters in yeasts dependent on the concentration of glucose in the medium. At high
concentrations of Glu: a) Hxt1 main transporter of Glu, b) Hxt7 has inhibition in xylose transport; c) Rgt2 is a sensor that
induces expression of transporters required at high concentrations of glucose. At low concentrations of Glu: d) Malll
transports a-glusides as maltose, e) Ght2 a symporter proton allows the consumption of fructose, f) decreases inhibition
of xylose transport and initiates its consumption, g) Snf3 is a sensor that induces expression of required transporters at
low glucose concentrations. In the absence of sugars, yeasts use alternative carbon sources via carriers h) Gupl or 2 and j)
St1. Under osmotic stress, equilibrium is maintained by expelling glycerol via carrier i) Fpsl.

All transporters are expressed in several specific conditions. Hxtl has a low affinity and is
expressed in high glucose levels to control carbon flux; in some cases the affinity of the trans-
porters can be modulated to adapt to consumption needs, as Gal2 and Hxt2, they switch affinity
to regulate specific transport. Some transporters (Hxt 8-17) are transcribed at low levels and
cannot support the demand of nutrients by themselves and in the particular case of Hxt12 does
not transport glucose. HXT family has the ability to translocate other sugars such as fructose,
which also covers a role of expression regulation [9, 10]. In Schizosaccharomyces pompe, the
symporter Ght2 has better affinity for fructose instead of glucose [12].

Specific fructose symporter (Fsy1l) has been described to function as a proton symporter; this
transporter is able to discriminate between fructose and other hexoses in Saccharomyces
pastorianus [13]. The symport transport of fructose occurs when cells growth in low fructose
(0.5%) medium and exhibits an unusual fructose:H" stoichiometry of 1:2 [14].
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Frtl, from Kluyveromyces lactis encoding a fructose transport protein of high affinity to
fructose that acts as a proton-coupled symporter dependent of energy and is rather specific
for fructose. This transporter is also induced by galactose, although in a lesser extent. It
remains to be determined whether Frtl transcription is under control of the Rag4 glucose
sensor [15].

Yeast Zygosaccharomyces bailii uptake fructose mainly at high sugar concentrations by a specific
transporter system with high capacity and low affinity and a non-specific transporter with
low-capacity and high-affinity that also transports glucose, similar results were also found for
Z. rouxii [16]. Galactose is another sugar that is uptake by yeast, transporter Gal2 who shows
homology with HXT but is not a specific-transporter and presents two conformational state for
low and high affinity. In mutant of transporter Lac2 of K. lactis lost the capacity of lactose
consumption and also for galactose indicating that Lac2 can transport galactose [17].

2.3. Pentoses transporters

Glucose is preferentially transported into the cell due to a 100-fold lower affinity of xylose for
the transporters. In S. cerevisiae some non-specific Hxt transporters are able to transport xylose
only when glucose is absent or in concentrations below 5 g/L. Hxt7 has a low affinity to xylose
and presents efficient transport for this sugar [11].

Candida intermedia shows to grow well on xylose, the transport of this sugar is carried on by
two different transport systems: a Gxfl glucose/xylose facilitator 1 with low affinity, it is
constitutive expressed and on the other hand a Gxs1 glucose/xylose symporter 1 whit a high
affinity to xylose is repressed in the presence of glucose [18]. In [19] was detected a very weak
growth in complementation of xylose for YHT1 and YHT®6 (genes from Yarrowia lipolytica) in an
hxt-null mutant of S. cerevisiae engineered for use of xylose.

S. cerevisiae lacks of arabinose specific transporters, however Gal2 can be transported at a slow
rate, other yeast as Scheffersomyces stipitis have an AraT to uptake arabinose and apparently
does not facilitate hexoses transport [20].

2.4. a-glucosides transporters

MAL loci contains genes necessary for the transport and consumption of maltose as MALx1
which encodes a maltose permease with low affinity and MALx3 encoding a positive regula-
tory protein of these genes in the presence of maltose, a clear example would be maltotriose/
maltose: symporter Mal61 encoded by MAL61 and a positive regulatory protein encoded by
MALG63 [21]. In yeast there are maltose transporters with high and low affinity, for example
MAL11, MAL21 and Mal 61 have high affinities to maltose (Michaelis constant (Km): 2—4 mM)
and can carry other sugars as turanose but cannot convey maltotriose. Atgl:H" is a symporter
transporter capable of transporting a wide variety of a-glucosides (trehalose, sucrose, maltose,
a-methyl-glucoside, maltotriose) in S. cerevisiae [22].

2.5. Glycerol transporters

Polyols like glycerol are used as osmoprotectants by many organisms; yeasts accumulate glyc-
erol under high osmolality conditions. Fps1 glycerol efflux facilitator in S. cerevisiae is essential
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maintaining the balance in hypoosmotic changes, this transmembranal protein contain a cyto-
solic terminal domains that is important regulating glycerol flux through the channel [23].

Another glycerol:H" proton symport transporters like Stl1 are expressed transitorily and acti-
vated when all sugar is consumed and the yeast enters into diauxic shift, during this, major
changes in gene expression alter the fermentative to oxidative metabolism, allowing to utilize
the produced ethanol and glycerol before entry into the stationary phase. S5tl1 was inactive in
the presence of glucose [24]. By homology analysis with Stll from S. cerevisiae, the Gtl of
Scheffersomyces stipitis demonstrated to be a glycerol transporter that is active when the
medium contains ethanol and absence of sugars [25].

2.6. Inositol transporter

Inositol transporters ITR1 and ITR2 (from S. cerevisiae) are located in the plasma membrane
and accept myo-inositol, both have similar affinities (ITR1: Km =100 uM, ITR2: Km = 140 uM).
However, there is insufficient inositol uptake when only ITR2 is present and there for ITR1
appears to be responsible for inositol uptake because ITR1 is highly transcripted. The ITR2
transporter of Schizosaccharomyces pombe (inositol auxotroph) is essential for regular cell
growing, this transporter contains 12 intermembranial domains whit two sugar-transport
motifs typical for HXT and shows similarity whit S. cerevisiae inositol transporters. The mRNA
levels of itr2 gene are also repressed by glucose [26].

All transporters mentioned have the transport of carbohydrates in common, but they pre-
sent variation on substrate affinity that can be classified in low (Km: >40 mM) and high (Km
<40 mM) affinity, this feature leads to control carbon flux; therefore at high substrate concentrations
the expression of low affinity transporters is induced. One way to measure carbohydrate
transport rates (uptake) is by scintillation assay, where studied strains that express the trans-
porter of interest. It is harvested and transferred to a substrate-free buffer to subsequently
expose them to a solution of known concentration of the radioactively labeled carbohydrate of
interest for a defined period of time, then, the cells are filtered and washed with the same
buffer, after, the remanent is analized by a liquid scintillation counter. The difference between
the radioactivity data of the initial substrate and the remaining concentrations, allows sub-
strate consumption quantification per unit time; this information can also be integrated into an
enzymatic modeling or nonlinear regression analysis to obtain kinetic parameters of Km and
maximal initial uptake speed (Vmax). Table 1 presents a list of diverse characterized yeast and
transporters.

3. Protein transport

Membranous and non-membranous proteins are the indispensable machinery for the cells
life. Membranous proteins are integral and peripheral membrane proteins that include trans-
porters (sugars, ions), GIP binding proteins, cell wall synthesizing proteins. While, non-
membranous proteins are metabolic proteins, transcription factors and so on. Most proteins
are usually encoded in the nucleus and synthesized in the free ribosomes of cytoplasm [39].



Species Transporter Hexoses Km Pentoses Km Other Km Regulation Reference
Saccharomyces
cerevistae Hxt1 Glu > Fru Low Xyl Low Induced by high glucose level [o1*
Does not transport xylose as unique carbon source
Hxt2 Glu Mod Induced by low glucose levels
Repressed by high glucose levels
Hxt3 Glu > Fru Low Induced by high glucose levels
Hxt4 Glu > Fru Low Xyl Low As(OH)3 NR  Induced by low glucose levels
Repressed by high glucose levels
Hxt5 Glu > Fru Low Xyl Low Regulated by cellular growth
Hxt6 Glu>Fru>Man High Xyl Maltose NR  Induced slightly at low glucose concentrations
Highly induced in non-fermentable substrates
Hxt7 Glu High Xyl Low Repression by high glucose levels. It varies only in 2 [11]
amino acids with Hxt6
Atgl Treha/Sucr:H High High levels of expression of this gene during wort  [22]
+>Malt/ a-met- Low fermentation
gluc: H*
Maltose
Gal2 Glu > Gal Mod Xyl/Ara low Induces by presence of galactose. [20]
Repressed at high glucose concentrations
Malll, 61 Maltose > High MAL loci of constitutive expression and induced by [21]
Turanose presence of maltose.
Mph?2, 3 Maltose/ [22]
Maltotriose
Irt1-2 Inositol Low Repression by the presence of glucose [26]
Stl1: H+ Glycerol Active when found in a system with [24]

nonfermentable carbon sources, inducible in saline
conditions, transient expression, inactive in the
presence of glucose
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Species Transporter Hexoses Km Pentoses Km Other Km Regulation Reference
Fpsl Glycerol efflux Form protein channel, essential in maintaining the ~ [23]
balance in changes hypoosmotic
Fsyl Fru High Repressed by high concentrations of glucose or [27]
EC1118 Glu Low fructose and was highly expressed on ethanol as the
sole carbon source
Gupl /2 Glycerol They allow medium growth with glycerol as the [28]
sole carbon source and stabilize cell under salinity
conditions, Membrane-bound O-acyl transferases
family.
Scheffersomyces Xutl/3 Glu/Fru NR Xyl High Preference for xylose over glucose but moderate [29]
stipitis transport efficiency
Qup2 Glu/Fru NR Xyl NR
Hxt2.6 Glu/Fru NR Xyl NR
Arby Ara Repression by the presence of glucose [20]
Gtl Glycerol NR Isactive when the medium contains ethanol and [25]
absence of sugars
Sutl Glu > Fru High Xyl Low Induced by glucose presence [9]
Sut2 Glu High Xyl Low Constitutive expression under aerobic conditions
and are independent of carbon source
Sut3 Glu > High Xyl>Gal Low Constitutive expression under aerobic conditions
Fru Low and are independent of carbon source
Candida intermedia ~ Gxsl Glu: H+ Xyl: H+  High Repression by the presence of glucose [18]
Gxfl Glu Low Xyl Low Constitutive expression
Candida albicans Hgtl/Hgt2  Glu High Repression by high glucose levels [30]
Hgt7 Glu NR Induced by low glucose levels
Hgt12 Glu NR Induced by low glucose levels
Stll Glycerol: H+ High Induced by salt stress [31]
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Species Transporter Hexoses Km Pentoses Km Other Km Regulation Reference
Yarrowia lipolytica ~ Yhtl Glu/Fru/Man NR Xyl NR Main hexose transporters [19]
Induced by presence of glucose and galactose [32]
Yht2 Fru NR Detected in stationary phase of growth
Yht3 Fru NR Detected in stationary phase of growth
Yht4 Glu/Fru/Man NR Main hexose transporters
Induced by presence of glucose and galactose
Yht6 Xyl NR Detected in stationary phase of growth
Schizosaccharomyces ~ Ghtl Glu>Fru: H+/ High [12]
pombe Fru
Ght2 Glu: H+ Low
Fru: H+ High
Ght3 Glu: H+ High Gluconate Transitory expression
Gluconate transport inhibited by glucose presence
Ght5 Glu > High Constitutive expression in different carbon sources
Fru Low
Ght6 Fru > Glu: H+ High Fru High Constitutive expression in different carbon sources
Sutl Mal > Suc: H+ High No specific induction. Glucose repression [33]
Kluyveromyces lactis  Hgtl Glu > Gal High Constitutive expression with 26-31% identity with  [17]
Hxt in S. cerevisiae.
Ftrl Fru: H+ High Induced by presence of glucose, fructose and [34]
galactose
Lac2 Gal Low Lac High [17]
Ragl Glu Low Fru NR Induced by high levels of glucose, fructose and [35]
other sugars.
Repressed by absence of glucose
Khtl Glu Low Induced by high levels of glucose, fructose and

other sugars
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Species Transporter Hexoses Km Pentoses Km  Other Km  Regulation Reference

Kht2 Glu High Induced by low glucose levels

Repressed by high glucose levels

Kht3 GFal NR [36]
Debaryomyces Xylh Xyl: H+  High Induced by the presence of xylose [37]
hansenii
Saccharomyces Fsyl Glu High Sorbose Low Induced by low Fru levels [14]
pastorianus and Fru: H+
bayanus
Zygosaccharomyces  Ffzl Fru: H+ High Induced by High levels of Fru [38]
ro Ffz2 Fru Low

Fsyl Glu Low Induced by low Fru levels [16]

Fru: H+ High

NR: No reported, Glu: Do not glucose transport, Mod: Affinity modulated by substrate concentrations.

*Modified of Leandro 2009.

Table 1. Yeast transporter with affinity substrate ratios and expression regulation.
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Once synthesized, they must have to be transported to different compartmentalized organ-
elles such as Nucleus, Endoplasmic Reticulum (ER), Mitochondria (Mt), Golgi bodies, Vacu-
oles and Peroxisomes [39-41]. These compartmentalized organelles are constituted by
multiple sites like outer membrane, intermembrane space, inner membrane and matrix as
shown in Figure 3. The proteins should be transported to all specified sites of organelle(s)
and across the wall (cell wall) to the extracellular medium [39-41]. The order of events that
leads the protein to get transported are protein recognition and its subsequent translocation
into the organelle. Despite the organelle specific transport, multiple steps of protein trans-
port are briefly generalized here.

3.1. Signal sequence

Most proteins synthesized in the cytosol are mostly precursors or preproteins carrying signal
sequences [39]. The signal sequences, present in each protein molecule, are organelle specific.
They can be found either at the N-terminal or C-terminal ends of proteins [39—-41]. The signal
sequence has three conserved general domains: A N-terminal region that varies widely in length,
but typically, contains amino acids which contribute a net positive charge: a central hydrophobic
region made up of seven to 16 amino acids; followed by a signal cleavage site (Figure 4). For
instance, Mt. preproteins are rich in positively charged amino acids, arginine and lysine, and
hydroxyl bearing ones, serine and threonine. In nuclear preproteins, the sequence region of
first 10-90 N-terminal residues, exhibiting a high composition of arginine and near absence of
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Figure 3. Compartmentalization of organelles like nucleus, endoplasmic reticulum, mitochondria, peroxisomes into
multiple layers include outer membrane, intermembrane space, inner membrane and matrix. A mitochondria layers
example is given here.
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Figure 4. Representation of signal peptide regions present in the various preproteins. (a). The classic preproteins that are
entering ER organelle consists of three separate regions in signal peptide include a segment of positively charged amino acids
followed by a stretch of hydrophobic amino acids. A protease cleavage site is found next to the mature protein segment. (b).
More similarly, mitochondrial matrix proteins contain three peptide regions that corresponds to specific peptidases located
on the outer membrane, intermembrane space and inner membrane. Each region is highlighted by arrow. The successive
cleavage of peptide regions at respective sites moves the proteins across the membrane to reach matrix.

negatively charged residues, is considered as signal peptide [42]. Regarding membrane proteins,
the targeting signals have so far only been identified for a small subset of proteins [43]. In
general, non-membranous proteins carry signal peptides at N-terminal, whereas signal peptides
are located at the carboxyl termini of membranous proteins [43]. Additional signal sequences
found in the proteins conceive multiple entries across the membrane layers of organelles. The
example is shown in Figure 4, where Mt. luminal proteins contain three signal sequences as
follows: (1). A N-terminal protein signal required to gain access into organelle, (2). A stretch of
amino acids signalizing the intermembrane space and (3). The mature part of the precursor
protein signal that allows the protein to locate themselves into the Mt. lumen [44, 45].

As proteins contain unique signals to each organelle, various bioinformatics databases are
developed to facilitate the search process of signals in the proteins. The databases are listed at
the end of the book chapter. The enlisted bioinformatic databases will assist the researchers to
study and explore the signal peptides appropriate for the organelles of interest.

3.2. Protein recognition and entry into organelle

The signal sequences present in the protein molecules are recognized by signal receptors or
signal recognition particles and outer-membrane translocases [42, 44, 45]. They are usually
found either in the cytosol or on the membrane of the organelles’. Pex5p is a remarkable
example of cytoplasmic receptor protein [46]. Some examples of membranous receptors are
exportins and importins (nuclei), translocase outer-membrane complex (Tom70; Mt) [44, 45].
The receptor always function by coupling with other accessory proteins to import and export
proteins. For instance, Tom 70 binds to a subset of mitochondrial precursor proteins, with
Tom?70, are Tom22, Tom5, Tom6, Tom?7, Tom20 and Tom70 [44, 45]. These binding partners
cooperate and facilitate the targeting of mitochondria proteins. Usually, receptors contain
binding sites for signal sequence in the precursor proteins. After gaining access to the organelle
specific receptors, precursor proteins are either further processed and deposited into the
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respective compartments, or translocated directly through the membrane pore complexes [39-
41]. In the case of processing precursors, the function of multiple peptidases locating in the
respective compartment is required. Especially, in the transport of Mt. luminal proteins, three
peptidases: Mitochondrial processing peptidase, Mitochondrial intermediate peptidase, Mito-
chondrial inner membrane peptidase and their complex proteins are involved to translocate
protein from the outer - membrane to the matrix [44, 45] (Figure 3).

In the following section, we account on the examples of two typical protein transport systems based
on the presence (peroxisome protein) and absence of signal sequences (vesicle-associated protein).

3.3. Transport of peroxisome proteins

Peroxisomes are ubiquitous eukaryotic cell organelles that compartmentalize a large variety of
oxidative metabolic reactions. Peroxisome proteins play essential roles in glycolate recycling,
amino acid biosynthesis and in fatty acid degradation. Since, it does not contain any genetic
material, all the peroxisome proteins are encoded in the nuclear genome. Two types of Perox-
isome transport sequence (PTS) have been discovered: type I (PTS1) and type II (PTS2) to
translocate proteins from cytoplasm [46, 47]. Some of the identified peroxisome signal peptides
are listed in Table 2. The PTS1 is found in most of the peroxisome matrix proteins and is
located at the C-terminus as a tripeptide SKL20. It generally fits the consensus sequence (S/A/
O)-(K/R/H)-(L/M). The PTS2 is a conserved sequence which is located near the N-terminus of a
protein and is comprised in some species within a pre-sequence that is cleaved off after import
into the peroxisomal matrix. Sequence comparisons showed the conserved nonapeptide of
PTS2 as (R/K)-(L/V/I)-X5-(H/Q)-(L/A/F). Some proteins which do not contain neither a PTS1
nor a PTS2 have been identified and well known examples are acyl-CoA oxidase, catalase from
S. cerevisiae and Y. lipolytica, the alcohol oxidase from Hansenula polymorpha [48].

Pex5p protein, the cytoplasmic receptor, shuttles between a soluble form and an integral
membrane-bound form [46, 49, 50]. They guide free-ribosomal-synthesized peroxisome proteins
to translocate across the peroxisome membrane to matrix. It has been characterized that this
protein has the capacity to translocate folded, and even oligomeric proteins. The C-terminal
domain comprises of seven tetratricopeptide (TPR) repeats, in which 1-3 and 5-7 TPRs adopt
extended conformation to link other three TPRs [49]. This conformation produces a funnel shaped
binding site for the proteins containing PTS1 signal sequence. Once the receptor recognizes the
cargo in the cytosol, a set of proteins Pex13p, Pex14p, Pex17p associate to it forming a docking

Yeasts Protein Sequence

C. tropicalis Catalase ILELSPRK

S. cerevisiae Catalase ELSSNSLF

C. tropicalis Acyl-CoA oxidase EYAAILSK
H. polymorpha Dihydroxyacetone synthase NHDKVNKL
C. tropicalis Trifunctional enzyme LVGDLAKI
S. cerevisiae Trifunctional enzyme LSQAKSKL

Table 2. List of peroxisome protein signal sequences.
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complex [46, 50]. This establishes a possible link to cargo-receptor complex with peroxisome
membrane. At the peroxisome membrane, Pex5p would act as intrinsic membrane protein
forming a stable complex with the docking proteins. This complex is shown to exhibit the main
conductance of a pore with 3.8 nm in diameter [46, 50]. Also, they can transiently expand to more
than 9 nm, when they are importing large oligomeric cargo proteins. The formed pore might at
some stage import and translocate the proteins to the lumen [46, 50]. After the luminal protein is
released, Pex5p is recycled and translocated to the cytosol by an ATP dependent ubiquitination
machinery [46, 49, 50]. In summary, in the cytosol, Pex5p functions as PTS1-receptor in cargo
recognition and at the peroxisome membrane where it contributes to pore formation and presum-
ably translocation (Figure 5).

3.4. Transport mechanism of a transmembrane protein, Snclp/2p

Here, we give an example of transport of a transmembrane protein associated to vesicles
(discussed below in the following section). Synaptobrevin (Snclp/Snc2p) is a soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) transmembrane protein.
These proteins bind onto vesicles and interact with t-SNARE proteins on the plasma mem-
brane, by which they provide specificity for the targeting and fusion of vesicles with the
plasma membrane [51]. It consists of a variable N-terminal domain, a central coiled-coil
domain, and, in most cases, of a single C-terminal transmembrane domain (TMD) that is
thought to be a-helical. The conserved region in the SNARE proteins was predicted to contain
two amphipathic alpha helices [51]. Helix 1, from 39 to 53, is unusually hydrophobic and Helix

Figure 5. Outline of transportation of matrix proteins of peroxisome mediated by Pex5p and its associated proteins. The
protein transport involves five steps: (I) cargo-receptor recognition (II) docking of cargo-receptor complex to the mem-
brane (III) translocation of cargo into matrix across membrane (IV) disassembly and (V) recycling of receptor to cytosol
(modified from [50]).
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2, from 60 to 88, predicted to be interacted with other hydrophobic segments of membrane
proteins t-SNAREs (Syntaxin) during the fusion of vesicles. Other than helices, it carries a
variable domain in the N-terminal, a carboxy trans-membrane domain (TMD) region of
96-110 amino acids is usually hydrophobic and some amino acids present intravesicular in
vesicles [51].

Just like the other class of membrane proteins, it lacks a signal sequence and contains a single
hydrophobic segment close to their C-terminus, leaving most of the polypeptide chain in the
cytoplasm (tail-anchored) [43]. The initial targeting of these proteins to the ER is mediated by
hydrophobic signal sequences, which are recognized during translation by the signal recogni-
tion particle. This hydrophobic stretch near the C termini of membranous protein do not bind
to signal recognition particles and are inserted into membranes post-translationally. Once after
getting entry into ER, it wasn't clear about the regions responsible in targeting them to
secretory vesicles. Deletion and mutational studies were made in the SNARE proteins to
investigate the region possessing the ability to target it (Table 3). From the targeting studies
of Grote et al. [52] and Gerst [53], it was clear that in the absence of helical loops, it is not
possible to target the Snc proteins onto secretory vesicles. Thus, deletion or gross substitutions
in either of the predicted Hlor H2 segments result either in the loss of targeting or in a
complete loss of functions. This shows that conserved amphipathic alpha helical region (32—
85) is essential for the confinement of snare proteins.

Regions deleted Effects Reference
Presence Absence
VAMP 2-30 ++ [52]
2-60 —
31-38 —
41-50 —
61-70 ++
71-80 ++
Sncl 2-27 ++ [53]
31-50 —
51-82 N.D.
VAMP 1-90 —
Sncl 91-116 ——
Sncl 1-65 ++
VAMP 65-84
Sncl 85-116

++ confers the targeting of SNARE proteins.
—— confers the non-targeting of SNARE proteins.
VAMP —vesicles associated membrane protein/ortholog of Sncl.

Table 3. Deletion mutational study reveals the regions required for the targeting of Sncl and its ortholog proteins.
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In the other hand, deletions of both variable domain and transmembrane domain do not
produce a more deleterious effect in the fusion of vesicles. That is, their localization onto
vesicles is not affected by these mutations [52-54]. These results substantiate that the TMD of
Snc protein is tuned to conduct its delivery into ER, while the helices take it over from ER to
Golgi. Besides, the targeting of SNARESs to vesicles, TMD plays a key role in their sorting and
fine tunes their distribution within the secretory pathway. That is, TMD sorts Sncp proteins
and let them to undergo a dynamic cycle of transport to and retrieval from the plasma
membrane to vesicles. Thus, it is understood that TMD serves both, as a key factor in the
membrane distribution and as the targeting signal for initial insertion of protein to ER domain.
Taking together, it was concluded that the sequence-specific information present in the mem-
brane proteins is important for the respective localization to specific organelles and its subse-
quent protein function.

4. Vesicular transport

Despite the appreciable functionality of various transporters and protein machinery, there is
another existing sophisticated source to transport materials across the walls. They are “natu-
rally existing liposomes” which are made up of an outer hydrophobic lipid bi-layer and an
inner aqueous hydrophilic core. Two vesicle types depending on their localization: intracellu-
lar and extracellular vesicles are identified and extensively studied in the literature. This
section briefly describes the role of such vesicles in the transport of biological materials in
yeast organisms.

4.1. Intracellular vesicles

In S. cerevisiae, two types of intracellular vesicles: - early secretory and post secretory
vesicles are involved to transport cargos (proteins) [39—-41]. Early secretory vesicles (ESVs),
derived from ER membrane, carry cargoes to Golgi complex, where at this stage post
translational modifications such as glycosylation, mannosylation, acetylation, methylation,
phosphorylation and acylation are done [41]. While post secretory vesicles (PSVs), shed
from trans-Golgi membrane, transport selective cargos destined to extracellular medium
and plasma membrane [40]. First, Golgi complex cargoes, secretion and cargoes of other
organelles requiring post translational modification are selected via the signal peptide.
Later, they are transferred from the ER and packaged as cargo into COPII coated vesicles
(ESVs) bound for the stacks of the Golgi complex [39, 41]. The ER vesicles fuse with the cis-
Golgi membrane to deposit the cargo into the Golgi complex. The deposited proteins are
post translationally modified according to their functional requirements [39, 40]. Then, the
proteins for secretion and plasma membrane, that are sorted away from the rest of the
cargo, pass into the trans-Golgi network (TGN) and are packed into clathrin coated vesicles,
which are called early as PSVs [39].

The PSVs move vectorially towards sites of polarized growth (the bud and mother/daughter
neck). They move to arrive at the target membrane dock and subsequently fuse to transfer
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their contents to extracellular medium [39, 55]. This complete process is termed as polarized
exocytosis. It consists of at least three stages. First, PSVs are targeted to the vicinity of
designated plasma membrane domains via microtubule- and/or actin-based transport sys-
tems [55, 56]. Second, after vesicles arrive at their sites of active exocytosis, where a exocyst
complex consisting of eight components: Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, Exo70, and
Exo084 mediate the targeting and tethering of PSVs for subsequent membrane fusion [56-58].
Two proteins Sec15p and Sec10p bridge Sec4p, a Rab Gtpase, to other exocyst components.
On the plasma membrane, Sec3 and Exo70 interact with PIP2 and with other family mem-
bers of Rho Gtpases (Cdc42, Rholp) [58]. Finally, the fusion between PSVs and plasma
membrane takes place allowing the secretion of vesicle contents and the incorporation of
membrane proteins at specific plasma membrane domains. This specific fusion event is mediated
by interaction of proteins present in PSVs membrane (v-SNAREs, snclp/2p) (SNARE, soluble N-
ethylmaleimide-sensitive fusion attachment protein receptors) and plasma-membrane (t-
SNARES; ssolp/2p) [51].

Wild type S. cerevisiae strains generate PGVs from 50 to 70 nm in diameter. In contrast, some
mutant strains deficient in vesicular transport accumulates PSVs within the cell in different
size ranges. For example, exo70-35 and ex070-38 mutant cells accumulated PSVs from were
80-100 nm in diameter [58]. Forsmark et al. [59] have determined the protein composition of
PGVs obtained from the sec6—-4 and sro7 mutant strains for isolation. The protein content
identified are mainly involved in vesicle transport, molecules transportation, metabolism of
carbohydrates and protein biosynthesis and degradation. Major dominant lipids constituents
of membrane are phosphatidylcholine (PtdCho), phosphatidylethanolamine (PtdEtn) and
phosphatidylinositol (PtdIns). It has been speculated that the above mentioned mutants serve
as an outstanding source of vesicles for lateral biotechnological applications.

4.2. Exosomes or extracellular vesicles

In all the three kingdoms of life, Exosomes or Extracellular Vesicles (EVs) are one of the most
protective sources of conducting trans-cell wall transfer of macromolecules to the recipient
cells. EVs (& 50-120 nm) are secreted from cells as membranous vesicular organelles by a wide
variety of cells, from lower to higher eukaryotic organisms, i.e., from fungi to mammals [60, 61].
Unlike intracellular vesicles, they act as extracellular carriers of proteins and/or nucleic acids,
particularly microRNAs and mRNAs, between cells and serve as shuttle vectors and media-
tors of intercellular communication, immune responses, and antigen presentation [60]. The
biogenesis of exosomes begins in the last stage of endocytosis, during which the endocytic
membrane undergoes budding to form intraluminal vesicles (ILVs). The accumulated ILVs
within the original endocytic membrane, at this stage, is named the multi-vesicular body.
These bodies, then fuse with either lysosomes for degradation or the plasma membrane for
extracellular release of ILVs, i.e., exosomes or EVs. EVs are released from cells, either consti-
tutively or upon activation of a secretory pathway [60]. The machinery involved in the bio-
genesis of exosomes varies in different cell types [60, 61]; however, in most cells, the ESCRT
(endosomal sorting complex required for transport) machinery plays a major role in EVs
biogenesis [60, 61]. The roles of both the ESCRT-dependent and -independent mechanisms in

95



96 The Yeast Role in Medical Applications

exosome biogenesis remain largely unknown and are yet to be fully elucidated. Similarly, the
mechanisms underlying the packaging of cargo into exosomes and the transport of these
exosomes across cellular membranes have been described both in vivo and in vitro, but remain
to be fully elucidated [60, 61].

EVs have been conserved and distributed widely in many different fungal species, including
yeast cells and hyphae [23]. Pathogenic fungus and opportunistic fungus are the well-recognized
candidates for the release of EVs. Some of the examples are as follows: Paracoccidioides brasiliensis,
Sporothrix schenckii, Candida albicans, Candida parapsilosis, Malassezia sympodialis, Histoplasma
capsulatum, Cryptococcus neoformans, Malassezia sympodialis [61]. Non-pathogenic S. cerevisiae
mutants (sec4—2, sec6—4, sec4-8, sec23-1, exo70-35, and ex070-38) have also been demonstrated
to excrete EVs in the extracellular medium [62]. Several EV proteome studies revealed the
presence of multiple organelle specific proteins which are derived from the cytoplasm, plasma
membrane, mitochondrial, vacuolar and even nuclear proteins. Sterols, phospholipids and pig-
ments are also present in the EVs. Quite recently, the presence of small RNAs in the fungal EVs
was addressed [63].

4.2.1. Diverse roles of transport cargoes of EVs

The EVs derived from pathogenic fungus are natural born carriers of cargo responsible for
fungal pathogenesis. Several components of fungal EVs are potent elicitors of immunolog-
ical activities [64]. For instance, the very common protein HSP60 carried by EVs acts as
immunogen and induces protective antibodies [65]. The main virulence factor of EVs
derived from Cryptococcus neoformans is a polysaccharide capsule coating glucuronoxy-
lomannan, which activates immune-suppressive and anti-phagocytic properties [65]. The
incubation of cryptococcal vesicles with murine macrophages induced high levels of
extracellular tumor necrosis factor alpha (TNF-a), interleukin-10 (IL-10), and transforming
growth factor B (TGF-P) [65]. M. sympodialis releases extracellular vesicles carrying aller-
gen were shown to induce IL-4 and TNF-a responses in PBMC patients [66]. The immu-
nogenic galactosyl epitopes distributed on the surface of large EVs of Paracoccidioides
brasilensis generated robust immune response in the paramycoccidiodomycosis patients
[67]. They bind to host lectins and induce immunological type 2 suppressive response.
Also, C. albicans EVs stimulated dendritic cells (DCs) to produce IL-12p40, IL-10, and
TNF-a, and induced upregulation of CD86 and MHC-II [68]. The change in protein
composition of THP-1 macrophage-derived EVs was studied during the interaction with
C. albicans [69]. This study revealed the changes in the abundance of proteins relating to
immune response, signaling, or cytoskeletal reorganization. The interaction significantly
increased the secretion of proinflammatory cytokines and the candidacidal activity. More
likely, the treatment of H. capsulatum cells with monoclonal antibodies (MAbs) affected the
sizes, enzymatic contents, and proteomic profiles of the vesicles released by fungal cells
[70]. The coating of Hc with cryptococcal glycans (Cn-gly) resulted in higher pulmonary
fungal burden in co-infected animals relative to control. Co-cultivation or addition of Cn-
gly resulted in enhanced pellicle formation with a hybrid polysaccharide matrix with
higher reactivity to GXM mAbs [71].
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5. Methods to determine the secretion-proteins across yeast wall

Numerous established techniques are already available in literature to detect, characterize and
demonstrate the phenomenon of secreting proteins, towards the extracellular medium, across
yeasts wall. At cellular level, usually, the proteins destined to secretion are always preserved
intact into the secretory vesicles of yeasts. Taking advantage of this nature, many fluorescent
methods detect the proteins presence througth the secretion route in cells by fluorescence. The
availability of several fluorescent proteins (FPs): Green-FP, Red-FP, Yellow-FP and Blue-FP has
made the detection process simple and effective [72]. To this end, tagging proteins of interest
with FPs, using genetic engineering techniques, will come handy and serve the purpose of
locating them into the cells. In the other hand, immunofluorescent technique makes use of
antibodies to demonstrate the integrity of secretion proteins inside vesicles [53]. For this
purpose, various temperature sensitive sec-mutant strains, with the ability to accumulate
vesicles, are highly recommended [73].

Once the proteins are secreted outside, they can be characterized by molecular techniques like
SDS-PAGE and Western blotting to identify specifically the proteins of interest in the extracel-
lular medium [53, 74]. By other hand enzyme activity studies are suitably advantageous to
determine the proper functioning of the secreted protein The design of such experiments
generally varies with respect to the enzymes and must be handled appropriately and the
experiments can be performed either by using the whole extracellular medium containing
secreted proteins or by using the purified proteins of interest (see protein purification section
in applications below). Combining all together, we conclude that one of the abovementioned
techniques could be suitable for realizing adequate studies on the proteins secretion.

6. Applications in biotechnology

This is an overview of the main trends reported within the last years in current research on
applications related to transport proteins in some yeast, which has not yet discussed in detail.
Major advances, of the role of different biological transporters in S. cerevisiae are focused in
carbohydrates related to obtain value-added bioproducts. Mainly discuss the expression of
carbohydrates transporters in yeast are focused to improve different substrates and in the
modification of specific aminoacides into transporters to regulate the affinity, order to alleviate
transport inhibition by sugar concentration. The capacity to co-transport glucose and xylose
into yeast has remained a technical challenge in the field [11, 29]. Due to the lack of an
endogenous xylose transporter in Saccharomyces cerevisiae, the xylose uptake depends on trans-
porter engineering to increase transport rates avoiding glucose-based inhibition, thus enhanc-
ing the potential of using lignocellulosic biomass as a feedstock for yeast [11, 29]. Besides of to
the generation of fuels, the production of value-added chemicals from renewable biomass has
been widely studied. According to [75], S. cerevisiae could be exploited for the production of
other non-ethanol fuels and chemicals from byproducts through metabolic engineering
expressing specific sugar transporter. Some other efforts to use S. cerevisiae strains as a cell
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factory to obtain valued-added products which no involves the use of genetic tools, but
metabolic activators [76] and ultrasound [77].

Some other works involves the study of trafficking mechanisms of small and large compounds
to regulate biosynthesis of appreciated biochemical products. Also, mitochondrial transport
mechanisms are relevant due to its use in future comparative studies aiding explorations of
human mitochondrial diseases and to improve biochemical process. Because energy is a
fundamental enabler of the economy, energy security and environmental safety are two major
issues in the current world that have boosted the demand for an alternative and eco-friendly
energy source.

6.1. Protein purification mediated by heterologous expression

Using genetic engineering techniques, recombinant proteins can be synthesized in anyone of
three compartments of heterologous hosts: cytoplasm, periplasm and the extracellular
medium. The natural ability of secreting proteins is captivated by many researchers as a
medium for the large-scale industrial production of foreign proteins and simplifying down-
stream processes [78]. The secretory expression requires a simple tagging of recombinant pro-
teins of interest with three essential components: (1). A signal peptide sequence targeting
secretion, followed by (2) a purification tag and (3) a protease cleavage site [78-80]. Some of
the examples of these three essential components are enlisted and the recommendable design
of a gene fusion cassette for recombinant protein secretion is shown in Figure 6. The expression
of this gene fusion cassette in the following hosts enables the secretion of protein towards
extracellular medium. The purification tag serves as an anchor and allows the recombinant
protein to separate from rest of the media culture, which is subsequently recovered by using
protease enzyme [80]. Some of the valuable hosts as recommended by Food and Drug Admin-
istration are S. cerevisiae, P. pastoris, Y. lipolytica, K. lactis, and H. polymorpha [78]. Though
technology ages 3 decades, the growth and value of applications are still increasing with
respective to the demand. Some of the recent heterologous expression and secretion of proteins
of biotechnological interest are presented in the Table 4. It is important to note that the a-MF
signal sequence has proven to be most effective in directing protein through the secretory
pathway in host organisms [81, 84-91, 93, 94]. Such expression and purification of recombinant
proteins are widely applied in the industries of textile, food processing, therapeutic applica-
tions. In the other hand, the natural ability of yeast hosts to provide, post translational modi-
fications was highly utilized to express, modify and further secrete eukaryotic proteins,
especially for therapeutic applications, in the extracellular medium [99]. The expression and
secretion of full length IgGs, insulin, glucagon, growth hormone, in yeast hosts is a proof-of-
concept in this context [52]. The glycolate form of antibodies and human glycoproteins with
fully complex terminally sialylated N-glycans were also synthesized in the engineered
Scchefersomyces stipitis (formerly P. pastoris) [97, 98].

6.2. Peroxisome production of valuable bioproducts

Here, we highlight the use of signal peptides and transporter system of Peroxisome for the
synthesis of valuable bioproducts. Mostly, researchers took advantage of the active fatty acid
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(a)
Proteins Signal Peptide
Galactosidase MFAFYFLTACISLKGVFG:VSPSYNGLGL
Acid phosphatase MFKSVVYSILAASLANA:GTIPLGKLAD
Carboxypeptidase Y MKAFTSLLCGLGLSTTLAKA:ISLQRPL
Invertase MKIYHIFSVCYLITLCAAATTAREEFF

Mating factor a-1 MLLQAFLFLLAGFAAKISA:SMTNETSDRP
MVGLKNPYTHTMQRPFLLAYLVLSLLF
NSALGFPTALVPRGS

MKFISTFLTFILAAVSVTASSDEDIAQVPA

Glucoamylase

Mating factor alpha-2

(b) (c)

Purification Tags Protease cleavage site

His-tag or His6 Chymotrypsin
Myc Thrombin

Glutathione S-transferase (GST), Trypsin

Maltose binding protein Enterokinase
Calmodulin binding peptide TEV protease
Intein-Chitin binding domain Enteropeptidase
Streptavidin/Biotin tags 3C protease
FLAG Carboxypeptidase
Halo Aminopeptidase
Small ubiquitin-like modifier Factor Xa

(d)

G ) T3-S

Protease cleavage
site

Gene of interest

Figure 6. Overview of genetic elements used for the recombinant secretion of proteins towards extracellular medium (a,
b, and c). The most significant elements are signal peptide sequence, protein tags and protease cleavage sites. Some
examples of well-recognized and highly used components are listed. (d). The design of a gene construct that is in practice
and essential for the heterologous expression and secretion of recombinant proteins in yeast hosts in presented.

pathways and PTSI1 signals to generate polyhydroxyalkanoates (bioplastics) and biofuels
(fatty-acid-derived fatty alcohols, alkanes and olefins) [99-106]. From literature, a simple
modification of polyhydroxyalkanoate synthase with PTS was sufficient for targeting and
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Organism Protein Signal Applications Reference
S. cerevisiae
Human p-defensin-2, MFal (mating factor alpha) Antimicrobial activity [81]
(hBD2) leader
Beta glucosidase Sed1, glucoamylase, alpha Cellulolytic activity [82]
mating leader
endoglucanase II
Cel3A Native secretion signal Lignocellulosic [83]
Cel7A ethanol production
Cel5A
Pichias pastoris
Trx-HPV16-L2 alpha-factor signal peptide Vaccine [84]
immunogen
Horseradish peroxidase MATa prepro secretion signal [85]
Candida antartica
lipase
Human Pro-relaxin L2 alpha-factor signal peptide Therapeutic applications [86]
FSL2, Lipase S. cerevisiae a-factor signal Lipolytic activity [87]
sequence
Endo- alpha-factor signal peptide Textile scouring [88]
polygalacturonase
Camel Hepcidin S. cerevisiae o-factor signal Antimicrobial activity, [89]
sequence Hormone
Human anti-alIb{33 alpha-factor signal peptide Atheroma Targeting [90]
antibody
Subtilisin QK alpha-factor signal peptide Thrombolytic activity [91]
Yarrowia
lipolytica
Glucoamylase preLip2, preXpr2, and preSuc2 Starch degradation [92]
Xylanase
Kluyveromyces
lactis
Fructosyltransferase alpha-factor signal peptide Hypocaloric sweeteners [93]
Arylsulfatase alpha-factor signal peptide Milk processing [94]
Interferon-Beta Glucoamylase signal sequence Therapeutic applications ~ [95]

Table 4. Recent heterologous expression and secretion of recombinant proteins from mid2016-Feb2017.

synthesizing PHAs in peroxisome of S. cerevisiaze and P. pastoris [99-102]. The authors did an
addition of carboxyl 34 amino acids from the Brassica napus isocitrate lyase to Pseudomonas
aeruginosa PHAC]1 synthase for peroxisome targeting, which was further expressed under the
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control of the promoter of the P. pastoris acyl-CoA oxidase gene [96, 97]. By this expression,
PHAs was accumulated as inclusions within the peroxisomes and synthesized up to 1%
medium-chain-length PHA per g dry weight was obtained using oleic acid as substrate in the
medium. In another study, a medium-chain-length-PHA (mcl-PHA) polymer was synthesized
in the cytosol of S. cerevisiae utilizing the f3-oxidation intermediates, key peroxisome proteins,
including Faa2p, Fox1p, and Fox2p, together with PHA synthase [101]. A Pex5p mutant was
made in S. cerevisige to retain peroxisome proteins in the cytoplasm. This retention led the
peroxisome proteins to take part actively in the generating the mcl-PHA monomers. Accumu-
lated PHA up to approximately 7% of its cell dry weight with a monomeric composition of C12
(3-hydroxydodecanoic acid), C10 (3-hydroxydecanoic acid), C8 (3-hydroxyoctanoic acid), and
C6 (3-hydroxyhexanoic acid).

Another effective exploration is targeting synthetic pathways to peroxisomes to produce
medium fatty alcohols and long fatty alcohols [103-106]. The targeted expression of fatty
acyl-CoA reductase TaFAR to the peroxisome of S. cerevisiae has produced medium chain fatty
alcohols [103]. The genes Pex7p and acetyl-CoA carboxylase are overexpressed together with
targeted TaFAR enzyme in the peroxisome. The coexpression improved the synthesis of
decanol, dodecanol, tetradecanol and hexadecanol, which have extensive applications as
biofuels and detergents. Another heterologous expression of a fatty acyl-CoA reductase from
Arabidopsis thaliana in a Pex10p mutant Y. lipolytica had produced over 500 mg/L of 1-decanol
[104]. Likewise, Rhodospirillum toruloides was engineered to express a bifunctional fatty acyl-
ACP reductase (FaCoAR) from Marinobacter aquaeolei VI8 and produced up to over 8 g/L of
C16-C18 fatty alcohols in fed-batch condition using sucrose as carbon source [105]. A recent
study has shown enhanced the peroxisome production of fatty alcohols by targeting the
FaCoAR enzyme using signal per2 (GGGSAAVKLSQAKSKL) [100]. In the same study, the
expression of two FFA based enzymes, Mycobacterium marinum carboxylic acid reductase
(MmCAR)29 and its activation cofactor-4’-phosphopantetheinyl transferase NpgA from Asper-
gillus nidulans in a Pex31p/Pex32p mutant strain have resulted in the high level of alkane
production.

6.3. Vesicles in therapeutic applications

The prime role of intercellular communication has motivated researchers to conceive EVs as
potential nano-vehicles for biodelivery applications. Recently in 2016, A patent entitled
“Compositions and Methods for Yeast Extracellular Vesicles as Delivery Systems, US
20160331686~ was filed and published [107]. The authors have proposed the use of native
and modified EVs from yeasts cells as practical drug delivery vehicles. In the case of modi-
fied EVs, an exosomal transmembrane peptide of mammalian origin is immobilized onto the
outer membrane of EVs for targeted biodelivery applications. Using these yeast EVs, various
therapeutic sources of cargoes: therapeutic RNAs (circular RNAs), autonomously replicating
cytoplasmic linear mammalian plasmid (express either therapeutic RNAs or proteins), ther-
apeutic peptides, have been tested for delivery applications. Once the cargo loaded EVs are
released from cells, they have been isolated from culture supernatants by either centrifuga-
tion or ultra/micro filtration. Authors conducted in vivo and in vitro studies to study the
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uptake of EVs by these cells and its effect in the delivery of cargoes. The purified vesicles are
recognized by mammalian target cells with the receptors specific for the targeting ligand and
take up the vesicles carrying the biologically active therapeutics via endocytosis. Following
this inspirational work, we believe that the combination of recombinant DNA techniques
and natural loading efficiency of cargoes into EVs would bring potential drug-targeting
properties in future.

7. Webserver

Mitochondria

*  p://mitf.cbrc.jp/MitoFates/

e Mitoll

Subcellular localization program

e PSORT

e TargetP

* NNPSL (neural network-based predictor)
e http://www.signalpeptide.de/

e  SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/)

SPdb (http://proline.bic.nus.edu.sg/spdb)

Peroxisome

e  PTSI Predictor - http://mendel.imp.univie.ac.at/mendeljsp/sat/pts1/PTS1predictor.jsp
Peptidase Database

*  http://merops.sanger.ac.uk/

Acknowledgements

The authors acknowledge Juan Corona-Hernandez and Alonso Cid Cervantes for their art-
work contribution. GKM thank CONACyT (CB-2014-01; 236285 and Fronteras de la Ciencia
2015-1: 016) for financial support. Lépez-vargas acknowledge to scholarship of PNPC-CONACyT
program 5353.



Secretion Mechanism across Wall
http://dx.doi.org/10.5772/intechopen.70783

Author details

Aline L(’)pez-Vargasl, Gurusami Kutralam-Muniasamyz, Aldo Amaro-Reyesl,
Fermin Pérez-Guevara” and Jorge Noel Gracida Rodriguez'*

*Address all correspondence to: gracidaj@netscape.net

1 Facultad de Quimica, Universidad Auténoma de Querétaro, Queretaro Qro, Mexico

2 Biotechnology, Centro de Investigaciones y de Estudios Avanzados del Instiuto Politécnico
Nacional, Cd de México, México

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Kim JH, Roy A, Jouandot D II, Cho KH. The glucose-signaling network in yeast. Bio-
chimica et Biophysica Acta. 2013;1830(11):5204-5210. DOI: 10.1016/j.bbagen.2013.07.025

Ozcan S, Dover J, Rosenwald AG, Wolfl S, Johnston M. Two glucose transporters in
Saccharomyces Cerevisiae are glucose sensors that generate a signal for induction of gene
expression. Proceedings of the National Academy of Sciences. 1996;93(22):12428-12432

Conrad M, Schothorst J, Nah-Kankipati H, Van-Zeebroeck G, Rubio-Texeira M,
Thevelein JM. Nutrient sensing and signaling in the yeast Saccharomyces Cerevisiae.
FEMS Microbiology. 2014;38(2):254-299. DOI: 10.1111/1574-6976.12065

Roy A, Shin Y], Cho KH, Kim JH. Mthl regulates the interaction between the Rgtl
repressor and the Ssn6-Tup1 corepressor complex by modulating PKA-dependent phos-
phorylation of Rgtl. Molecular Biology of the Cell. 2013;24(9):1493-1503. DOI: 10.1091/
mbc.E13-01-0047

Lakshmanan J, Mosley AL, Ozcan S. Repression of transcription by Rgtl in the absence
of glucose requires Std1l and Mthl. Current Genetics. 2003;44(1):19-25. DOI: 10.1007/
s00294-003-0423-2

Sexton JA, Brown V, Johnston M. Regulation of sugar transport and metabolism by the
Candida Albicans Rgtl transcriptional repressor. Yeast. 2007;24(10):847-860. DOI: 10.1002/
yea.1514

Ng TS, Mohd-Desa, Sandai D, Chong PP, Than LT. Phylogenetic and transcripts profil-
ing of glucose sensing related genes in Candida Glabrata. Jundishapur Journal of Micro-
biology. 2015;8(11):e25177. DOI: 10.5812/jjm.25177

Cairey-Remonnay A, Deffaud ], Wésolowski-Louvel M, Lemaire M, Soulard A. Glycol-
ysis controls plasma membrane glucose sensors to promote glucose signaling in yeasts.
Molecular and Cellular Biology. 2015;35(4):747-757. DOI: 10.1128/MCB.00515-14

103



104 The Yeast Role in Medical Applications

[%]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

Leandro M]J, Fonseca C, Gongalves P. Hexose and pentose transport in ascomycetous
yeasts: An overview. FEMS Yeast Research. 2009;9(4):511-525. DOI: 10.1111/j.1567-
1364.2009.00509

Reifenberger E, Freidel K, Ciriacy M. Identification of novel HXT genes in Saccharomy-
ces Cerevisiae reveals the impact of hexose transporters on glycolytic flux. Molecular
Microbiology. 1995;16(1):157-167. DOI: 10.1111/j.1365-2958.1995.tb02400.x

Gongalves DL, Matsushika A, Sales BB, Goshima T, Bon EPS, Stambuk BU. Xylose and
xylose/glucose co-fermentation by recombinant Saccharomyces Cerevisiae strains expres-

sing individual hexose transporters. Enzyme and Microbial Technology. 2014;63:13-20.
DOI: 10.1016/j.enzmictec.2014.05.003

Heiland S, Radovanovic N, Milan H, Winderickx ], Lichtenberg H. Multiple hexose
transporters of Schizosaccharomyces pombe. Journal of Bacteriology. 2000;182(8):2153-
2162

Gongalves P, Rodrigues de Sousa H, Spencer-Martins I. FSY1, a novel gene encoding a
specific fructose/H(+) symporter in the type strain of Saccharomyces Carlsbergensis.
Journal Bacteriology. 2000;182(19):5628-5630. DOI: 10.1128/JB.182.19.5628-5630.200

Rodrigues de Sousa H, Spencer-Martins I, Gongalves P. Differential regulation by glu-
cose and fructose of a gene encoding a specific fructose/H+ symporter in Saccharomyces
Sensu stricto yeasts. Yeast. 2004;21(6):519-530. DOI: 10.1002/yea.1118

Betina S, Goffrini P, Ferrero I, Wésolowski-Louvel M. RAG4 gene encodes a glucose
sensor in Kluyveromyces lactis. Genetics. 2001;158(2):541-548

Leandro M]J, Cabral S, Prista C, Loureiro-Dias MC, Sychrova H. The high-capacity
specific fructose facilitator ZrFfz1 is essential for the Fructophilic behavior of Zygos-
accharomyces rouxii CBS 732T. Eukaryotic Cell. 2014;13(11):1371-1379. DOI: 10.1128/
EC.00137-14

Baruffini E, Goffrini P, Donnini C, Lodi T. Galactose transport inKluyveromyces lactis:
Major role of theglucose permease Hgtl. FEMS Yeast Research. 2006;6(8):1235-1242.
DOI: 10.1111/j.1567-1364.2006.00107 .x

Leandro MJ, Gongalves P, Spencer-Martins I. Two glucose/xylose transporter genes from
the yeast Candida Intermedia: First molecular characterization of a yeast xylose-H+
symporter. Biochemical Journal. 2006;395(3):543-549. DOI: 10.1042/BJ20051465

Young EM, Tong A, Bui H, Spofford C, Alper HS. Rewiring yeast sugar transporter
preference through modifying a conserved protein motif. Proceedings of the National
Academy of Sciences USA. 2014;111(1):131-136. DOI: 10.1073/pnas.1311970111

Wang C, Shen Y, Zhang Y, Suo F, Hou ], Bao X. Improvement of L-arabinose fermenta-
tion by modifying the metabolic pathway and transport in Saccharomyces Cerevisiae.
BioMed Research International. 2013;2013:461204. DOI: 10.1155/2013/461204



[23]

[25]

[26]

[27]

[31]

Secretion Mechanism across Wall
http://dx.doi.org/10.5772/intechopen.70783

Dietvorst ], Londesborough J, Steensma HY. Maltotriose utilization in lager yeast strains:
MTTT1 encodes a maltotriose transporter. Yeast. 2005;22(10):775-788. DOI: 10.1002/yea.1279

Alves SL Jr, Herberts RA, Hollatz C, Miletti LC, Stambuk BU. Maltose and maltotriose
active transport and fermentation by Saccharomyces Cerevisiae. Journal of the Ameri-
can Society of Brewing. Chemistry. 2007;65(2):99-104. DOI: 10.1094/ASBCJ-2007-0411-01

Geijer C, Ahmadpour D, Palmgren M, Filipsson C, Medrala-Klein D, Tamas M,
Hohmann S, Lindkvist-Petersson K. Yeast Aquaglyceroporins use the transmembrane

core to restrict glycerol transport. Journal of Biological Chemistry. 2012;287(28):23562-
23570. DOI: 10.1074/jbc.M112.353482

Ferreira C, van Voorst F, Martins A, Neves L, Oliveira R, Kielland-Brandt M, Lucas C,
Brandt A. A member of the sugar transporter family, Stl1p is the glycerol/H+ symporter
in Saccharomyces Cerevisiae. Molecular Biology of Cell. 2005;16(4):2068-2076. DOI:
10.1091/mbc.E04-10-0884

Zhan C, Wang S, Sun Y, Dai X, Liu X, Harvey L, McNeil B, Yang Y, Bai Z. The Pichia
Pastoris transmembrane protein GT1 is a glycerol transporter and relieves the repression
of glycerol on AOX1 expression. FEMS Yeast Research. 2016;16(4):fow033. DOI: 10.1093/
femsyr/fow033

Schneider S. Inositol transport proteins. Federal European Biochemical Societies Letter.
2015;589(10):1049-1058. DOI: 10.1016/j.febslet.2015.03.012

Galeote V, Novo M, Salema-Oom M, Brion C, Valerio E, Gongalves P, Dequin S. FSY1, a
horizontally transferred gene in the Saccharomyces Cerevisiae EC1118 wine yeast strain,
encodes a high-affinity fructose/H+ symporter. Microbiology. 2010;156(12):3754-3761.
DOI: 10.1099/mic.0.041673-0

Neves L, Oliveira R, Lucas C. Yeast orthologues associated with glycerol transport and
metabolism. FEMS Yeast Reserch. 2004;5(1):51-62. DOI: 10.1016/j.femsyr.2004.06.012

de Sales BB, Scheid B, Gongalves DL, Knychala MM, Matsushika A, Bon EP, Stambuk
BU. Cloning novel sugar transporters from Scheffersomyces (Pichia) stipitis allowing D-
xylose fermentation by recombinant Saccharomyces Cerevisiae. Biotechnology Letters.
2015;37(10):1973-1982. DOI: 10.1007/510529-015-1893-2

Fan ], Chaturvedi V, Shen SH. Identification and phyloge-netic analysis of a glucose
transporter gene family from thehuman pathogenic yeast Candida Albicans. Journal of
Molecular Evolution. 2002;55(3):336-346. DOI: 10.1007/s00239-002-2330-4

Kayingo G, Martins A, Andrie R, Neves L, Lucas C, Wong B. A permease encoded by STL1
is required for active glycerol uptake by Candida Albicans. Microbiology. 2009;155(5):
1547-1557. DOI: 10.1099/mic.0.023457-0

Lazar Z, Neuvéglise C, Rossignol T, Devillers H, Morin N, Robak M, Nicaud JM, Crutz-
Le Coq AM. Characterization of hexose transporters in Yarrowia lipolytica reveals new

105



106 The Yeast Role in Medical Applications

[34]

[36]

[38]

[40]

[41]

[42]

[43]

[44]

groups of sugar porters involved in yeast growth. Fungal Genetics and Biology.
2017;100:1-12. DOI: 10.1016/j.fgb.2017.01.001

Reinders A, Ward JM. Functional characterization of the alpha-glucoside transporter
Sutlp from Schizosaccharomyces pombe, the first fungal homologue of plant sucrose
transporters. Molecular Microbiology. 2001;39(2):445-454. DOI: 10.1046/j.1365-2958.
2001.02237.x

Diezemann A, Boles E. Functional characterization of the Frtl sugar transporter and of
fructose uptake in Kluyveromyces lactis. Current Genetics. 2003;43(4):281-288. DOI:
10.1007/500294-003-0392-5

Milkowski C, Krampe S, Weirich ], Hasse V, Boles E, Breunig KD. Feedback regulation
of glucose transporter gene transcription in Kluyveromyces lactis by glucose uptake.
Journal Bacteriology. 2001;183(18):5223-5229. DOI: 10.1128/]B.183.18.5223-5229.2001

Wiedemuth C, Breunig KD. Role of Snflp in regulation of intracellular sorting of the
lactose and Galactose transporter Lacl2p in Kluyveromyces lactis. Eukaryotic Cell.
2005;4(4):716-721. DOI: 10.1128/EC.4.4.716-721.2005

Ferreira D, Nobre A, Silva ML, Faria —~OF, Tulha J, Ferreiara C, Lucas C. XYLH encodes a
xylose/H+ symporter from the highly related yeast species Debaryomyces fabryi and
Debaryomyces Hansenii. FEMS Yeast Research. 2013;13(7):585-596. DOI: 10.1111/1567-
1364.12061

Leandro M]J, Sychrova H, Prista C, Loureiro-Dias MC. The osmotolerant fructophilic
yeast Zygosaccharomyces rouxii employs two plasma-membrane fructose uptake sys-
tems belonging to a new family of yeast sugar transporters. Microbiology. 2011;157(2):
601-608. DOI: 10.1099/mic.0.044446-0

Bonifacino JS, Glick BS. The mechanisms of vesicle budding and fusion. Cell. 2004;116(2):
153-166. DOI: 10.1016/S0092-8674(03)01079-1

Gleeson PA. Targeting of proteins to the Golgi apparatus. Histochemistry and cell
biology. 1998;109(5-6):517-532. DOI: 10.1007/s004180050252

Pfeffer SR, Rothman JE. Biosynthetic protein transport and sorting by the endoplasmic
reticulum and Golgi. Annual Review of Biochemistry. 1987;56(1):829-852. DOI: 10.1146/
annurev.bi.56.070187.004145

Lange A, Mills RE, Lange CJ, Stewart M, Devine SE, et al. Classical nuclear localization
signals: Definition, function, and interaction with importin a. Journal of Biological
Chemistry. 2007;282(8):5101-5105. DOI: 10.1074/jbc.R600026200

Borgese N, Fasana E. Targeting pathways of C-tail-anchored proteins. Biochimica et
Biophysica Acta-Biomembranes. 2011;1808:937-946. DOI: 10.1016/j.bbamem.2010.07.010

Endo T, Kohda D. Functions of outer membrane receptors in mitochondrial protein
import. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research. 2002;1592(1):3-
14. DOI: 10.1016/S50167-4889(02)00259-8



[45]

[49]

[50]

[51]

[52]

[54]

[55]

[56]

[57]

[58]

Secretion Mechanism across Wall
http://dx.doi.org/10.5772/intechopen.70783

Endo T, Yamano K. Transport of proteins across or into the mitochondrial outer mem-
brane. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research. 2010;1803(6):706-
714. DOI: 10.1016/j.bbamcr.2009.11.007

Baker A, Hogg TL, Warriner SL. Peroxisome protein import: A complex journey. Bio-
chemical Society Transactions. 2016;44(3):783-789. DOI: 10.1074/jbc.M203254200

Gould §J, Keller GA, Hosken N, Wilkinson J, Subramani S. A conserved tripeptide sorts
proteins to peroxisomes. Journal of Cell Biology. 1989;108:1657-1664. DOI: 10.1083/
jcb.108.5.1657

Klein AT, van Den Berg M, Bottger G, Tabak HF, Distel B. Saccharomyces Cerevisiae
acyl-CoA oxidase follows a novel, non-PTS1, import pathway into peroxisomes that
is dependent on Pex5p. Journal of Biological Chemistry. 2002;277:25011-25019. DOI:
10.1074/jbc.M203254200

Gatto GJ, Geisbrecht BV, Gould SJ, Berg JM. Peroxisomal targeting signal-1 recognition
by the TPR domains of human PEX5. Nature Structural Biology. 2000;7:1091-1095. DOI:
10.1038/nsb1002-788b

Rucktaschel R, Girzalsky W, Erdmann R. Protein import machineries of peroxisomes.
Biochimica et Biophysica Acta (BBA)-Biomembranes. 2011;1808(3):892-900. DOI: 10.1016/
j-bbamem.2010.07.020

Gerst JE. SNAREs and SNARE regulators in membrane fusion and exocytosis. Cellular
and Molecular Life Sciences. 1999;55(5):707-734. DOI: 10.1007/s000180050328

Grote E, Hao JC, Bennett MK, Kelly RB. A targeting signal in VAMP regulating trans-
port to synaptic vesicles. Cell. 1995;81:581-589. DOI: 10.1016/0092-8674(95)90079-9

Gerst JE. Conserved helical segments on yeast homologs of the synaptobrevin VAMP
family of V-snare mediate exocytic functions. Journal of Biological Chemistry. 1997;272:
16591-16598. DOI: 10.1074/jbc.272.26.16591

Protopopov V, Govindan B, Novick P, Gerst JE. Homologs of the Synaptobrevin VAMP
family of synaptic vesicles protein function on the late secretory pathway in Saccharo-
myces Cerevisiae. Cell. 1993;74(5):855-861. DOI: 10.1016/0092-8674(93)90465-3

Pruyne D, Bretscher A. Polarization of cell growth in yeast. I. Establishment and main-
tenance of polarity states. Journal of Cell Science. 2000;113(3):365-375

Guo W, Sacher M, Barrowman J, Ferro-Novick S, Novick P. Protein complexes in trans-
port vesicle targeting. Trends in Cell Biology. 2000;10(6):251-255. DOI: 10.1016/S0962-
8924(00)01754-2

Waters MG, Hughson FM. Membrane tethering and fusion in the secretory and
endocytic pathways. Traffic. 2000;1:588-597. DOI: 10.1034/j.1600-0854.2000.010802.x

He B, Xi F, Zhang X, Zhang ], Guo W. Ex070 interacts with phospholipids and mediates
the targeting of the exocyst to the plasma membrane. The EMBO journal. 2007;26(18):
4053-4065. DOI: 10.1038/sj.emb0j.7601834

107



108 The Yeast Role in Medical Applications

[59]

[60]

[62]

[63]

[64]

[66]

[69]

Forsmark A, Rossi G, Wadskog I, Brennwald P, Warringer J, Alder L. Quantitative
proteomics of yeast post-Golgi vesicles reveals a discriminating role for Sro7p in protein
secretion. Traffic, research support, non-U.S. Gov't. 2011;12(6):740-753. DOI: 10.1111/
j-1600-0854.2011.01186.x

Coakley G, Maizels RM, Buck AH. Exosomes and other extracellular vesicles: The new
communicators in parasite infections. Trends in parasitology. 2015;31(10):477-489. DOI:
10.1111/.1600-0854.2011.01186.x

Oliveira DL, Rizzo ], Joffe LS, Godinho RM, Rodrigues ML. Where do they come from
and where do they go: Candidates for regulating extracellular vesicle formation in fungi.
International Journal of Molecular Sciences. 2013;14(5):9581-9603. DOI: 10.3390/ijms
14059581

Oliveira DL, Nakayasu ES, Joffe LS, Guimaraes A]J, Sobreira TJ], Nosanchuk JD, Cordero
RJ, Frase S, Casadevall A, Almeida IC, Nimrichter L. Characterization of yeast extracel-

lular vesicles: Evidence for the participation of different pathways of cellular traffic in
vesicle biogenesis. PLoS One. 2010;5:e11113. DOI: 10.1371/journal.pone.0011113

Rayner S, Bruhn S, Vallhov H, Andersson A, Billmyre RB, Scheynius A. Identification of
small RNAs in extracellular vesicles from the commensal yeast Malassezia sympodialis.
Scientific Reports. 2017;7. DOI: 10.1038/srep39742

Ohno S, Ishikawa A, Kuroda M. Roles of exosomes and microvesicles in disease patho-
genesis. Advanced Drug Delivery Review. 2013;65(3):398-401. DOI: 10.1016/jL.addr.2012.
07.019

Oliveira DL, Freire-de-Lima CG, Nosanchuk JD, Casadevall A, Rodrigues ML, Nimrichter
L. Extracellular vesicles from Cryptococcus Neoformans modulate macrophage functions.
Infection and immunity. 2010;78(4):1601-1609. DOI: 10.1371/journal.pone.0021480

Gehrmann U, Qazi KR, Johansson C, Hultenby K, Karlsson M, Lundeberg L, Gabrielsson S,
Scheynius A. Nanovesicles from Malassezia sympodialis and host exosomes induce cyto-

kine responses-novel mechanisms for host-microbe interactions in atopic eczema. PLoS
One. 2011;6(7):e21480. DOI: 10.1371/journal.pone.0021480

Vallejo MC, Matsuo AL, Ganiko L, Medeiros LCS, Miranda K, Silva LS, Freymiiller-
Haapalainen E, Sinigaglia-Coimbra R, Almeida IC, Puccia R. The pathogenic fungus
Paracoccidioides brasiliensis exports extracellular vesicles containing highly immunogenic
a-Galactosyl epitopes. Eukaryotic Cell. 2011;10(3):343-351. DOI: 10.1128/EC.00227-10

Vargas G, Rocha JD, Oliveira DL, Albuquerque PC, Frases S, Santos SS, Nosanchuk JD,
Gomes AM, Medeiros LC, Miranda K, Sobreira T]. Compositional and immunobiological

analyses of extracellular vesicles released by Candida Albicans. Cell. Microbiology. 2015;
17:389-407. DOI: 10.1111/cmi.12374

Reales-Calderdn JA, Vaz C, Monteoliva L, Molero G, Gil C. Candida albicans modifies the
protein composition and size distribution of THP-1 macrophage-derived extracellular
vesicles. Journal of Proteome Research. 2017. DOI: 10.1021/acs.jproteome.6b00605



[70]

[71]

[72]

[73]

[74]

[73]

[76]

[77]

[80]

[81]

Secretion Mechanism across Wall
http://dx.doi.org/10.5772/intechopen.70783

Baltazar LM, Nakayasu ES, Sobreira TJ, Choi H, Casadevall A, Nimrichter L,
Nosanchuk JD. Antibody binding alters the characteristics and contents of extracellular
vesicles released by Histoplasma capsulatum. Msphere. 2016;1(2):e00085-00015. DOI:
10.1128/mSphere.00085-15

Cordero RJ, Liedke SC, Aratjo GRS, Martinez LR, Nimrichter L, Frases S, Peralta JM,
Casadevall A, Rodrigues ML, Nosanchuk JD, Guimaraes AJ. Enhanced virulence of
Histoplasma capsulatum through transfer and surface incorporation of glycans from

Cryptococcus Neoformans during co-infection. Scientific Reports. 2016;6. DOI: 10.1038/
srep21765

Shaner NC, Steinbach PA, Tsien RY. A guide to choosing fluorescent proteins. Nature
Methods. 2005;2(12):905-909. DOI: 10.1038/nmeth819

Novick P, Field C, Schekman R. Identification of 23 complementation groups required
for post-translational events in the yeast secretory pathway. Cell. 1980;21(1):205-215

Burnette WN. “Western blotting”: Electrophoretic transfer of proteins from sodium
dodecyl sulfate-polyacrylamide gels to unmodified nitrocellulose and radiographic
detection with antibody and radioiodinated protein a. Analytical Biochemistry. 1981;
112(2):195-203. DOI: 10.1016/0003-2697(81)90281-5

Turner TL, Kim E, Hwang C, Zhang G-C, Liu J-J, Jin Y-S. Short communication: Conver-
sion of lactose and whey into lactic acid by engineered yeast. American Dairy Science
Association. 2017;100:1-5. DOI: 10.3168/jds.2016-11784

Diaz-Hellin P, Naranjo V, Ubeda J, Briones A. Saccharomyces Cerevisiae and metabolic
activators: HXT3 gene expression and fructose/glucose discrepancy in sluggish fermen-
tation conditions. World Journal of Microbiology and Biotechnology. 2016;32(12):196.
DOI: 10.1007/s11274-016-2154-9

Dai C, Xiong F, He R, Zhang W, Ma H. Effects of low-intensity ultrasound on the growth,
cell membrane permeability and ethanol tolerance of Saccharomyces Cerevisiae. Ultrason-
ics Sonochemistry. 2017;36:191-197

Romanos MA, Scorer CA, Clare JJ. Foreign gene expression in yeast: A review. Yeast.
1992;8(6):423-488. DOI: 10.1002/yea.320080602

Waugh DS. An overview of enzymatic reagents for the removal of affinity tags. Protein
Expression and Purification. 2011;80(2):283-293. DOI: 10.1016/j.pep.2011.08.005

Kimple ME, Brill AL, Pasker RL. Overview of affinity tags for protein purification. Current
Protocols in Protein Science. 2013;73(9):9.1-9.9. DOI: 10.1002/0471140864.ps0909s73

Moller TS, Hay J, Saxton MJ, Bunting K, Petersen EI, Kjeerulff S, Finnis CJ. Human £-
defensin-2 production from S. Cerevisiae using the repressible MET17 promoter. Micro-
bial Cell Factories. 2017;16(1):11. DOI: 10.1186/s12934-017-0627-7

Inokuma K, Bamba T, Ishii J, Ito Y, Hasunuma T, Kondo A. Enhanced cell-surface
display and secretory production of cellulolytic enzymes with Saccharomyces Cerevisiae

109



110 The Yeast Role in Medical Applications

[84]

[86]

[87]

[88]

[90]

[92]

Sed1 signal peptide. Biotechnology and Bioengineering. 2016;113(11):2358-2366. DOI:
10.1002/bit.26008

Davison SA, den Haan R, van Zyl WH. Heterologous expression of cellulase genes in
natural Saccharomyces Cerevisiae strains. Applied Microbiology and Biotechnology.
2016;100(18):8241-8254. DOI: 10.1007/s00253-016-7735-x

Spagnoli G, Bolchi A, Cavazzini D, Pouyanfard S, Miiller M, Ottonello S. Secretory
production of designed multipeptides displayed on a thermostable bacterial thioredoxin
scaffold in Pichia Pastoris. Protein expression and purification. 2017;129:150-157. DOI:
10.1016/j.pep.2016.04.012

Chahal S, Wei P, Moua P, Park SPJ, Kwon |, A Patel, Vu AT, Catolico JA, Tsai YF, Shaheen
N, Chu TT. Structural characterization of the a-mating factor prepro-peptide for secre-
tion of recombinant proteins in Pichia pastoris. Gene. 2017;598:50-62. DOI: 1016/j.
gene.2016.10.040

Cimini D, Della Corte K, Finamore R, Andreozzi L, Stellavato A, Pirozzi AV, Ferrara F,
Formisano R, De Rosa M, Chino M, Lista L. Production of human pro-relaxin H2 in the
yeast Pichia Pastoris. BMC Biotechnology. 2017;17(1):4. DOI: 10.1186/s12896-016-0319-0

Jallouli R, Parsiegla G, Carriere F, Gargouri Y, Bezzine S. Efficient heterologous expres-
sion of Fusarium solani lipase, FSL2, in Pichia Pastoris, functional characterization of the
recombinant enzyme and molecular modeling. International Journal of Biological Mac-
romolecules. 2017;94:61-71. DOI: 10.1016/j.ijpiomac.2016.09.030

Abdulrachman D, Thongkred P, Kocharin K, Nakpathom M, Somboon B, Narumol N,
Champreda V, Eurwilaichitr L, Suwanto A, Nimchua T, Chantasingh D. Heterologous
expression of Aspergillus aculeatus endo-polygalacturonase in Pichia Pastoris by high
cell density fermentation and its application in textile scouring. BMC Biotechnology.

2017;17(1):15. DOL: 10.1186/512896-017-0334-9

Boumaiza M, Chahed H, Ezzine A, Jaouan M, Gianoncelli A, Longhi G, Carmona F,
Arosio P, Sari MA, Marzouki MN. Recombinant overexpression of camel hepcidin
cDNA in Pichia Pastoris: Purification and characterization of the polyHis-tagged pep-
tide HepcD-his. Journal of Molecular Recognition. 2017;30(1). DOI: 10.1002/jmr.2561

Vallet-Courbin A, Lariviere M, Hocquellet A, Hemadou A, Parimala S-N, Laroche-
Traineau J, Santarelli X, Clofent-Sanchez G, Jacobin-Valat MJ, Noubhani A. A recombi-
nant human anti-platelet scFv antibody produced in Pichia Pastoris for atheroma
targeting. PLoS One. 2017;12(1):e0170305). DOI: 10.1371/journal.pone.0170305

Zhou K, Dong Y, Zheng H, Chen B, Mao R, Zhou L, Wang Y. Expression, fermentation,
purification and lyophilisation of recombinant Subtilisin QK in Pichia Pastoris. Process
Biochemistry. 2017. DOI: 10.1016/j.procbio.2016.12.028

Dulermo R, Brunel F, Dulermo T, Ledesma-Amaro R, Vion ], Trassaert M, Thomas S,
Nicaud JM, Leplat C. Using a vector pool containing variable-strength promoters to



[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

Secretion Mechanism across Wall
http://dx.doi.org/10.5772/intechopen.70783

optimize protein production in Yarrowia lipolytica. Microbial Cell Factories. 2017;16(1):
31. DOI: 10.1186/512934-017-0647-3

Spohner SC, Czermak P, Heterologous P. Expression of Aspergillus terreus fructosyl-
transferase in Kluyveromyces lactis. New Biotechnology. 2016;33:473-479. DOI: 10.1016/
j-nbt.2016.04.001

Stressler T, Leisibach D, Lutz-Wahl S, Kuhn A, Fischer L. Homologous expression and
biochemical characterization of the arylsulfatase from Kluyveromyces lactis and its
relevance in milk processing. Applied Microbiology and Biotechnology. 2016;100:5401-
5414. DOI: 10.1007/s00253-016-7366-2

Madhavan A, Sukumaran RK. Secreted expression of an active human interferon-beta
(HuIlFNB) in Kluyveromyces lactis. Engineering in Life Sciences. 2016;16(4):379-385.
DOI: 10.1002/elsc.201500120

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

Hamilton SR, Davidson RC, Sethuraman N, Nett JH, Jiang Y, Rios S, Bobrowicz P,
Stadheim TA, Li H, Choi BK, Hopkins D. Humanization of yeast to produce complex
terminally sialylated glycoproteins. Science. 2006;313(5792):1441-1443. DOI: 10.1126/sci-
ence.1130256

Sola RJ, Griebenow K. Glycosylation of therapeutic proteins. BioDrugs. 2010;24:9-21.
DOI: 10.2165/11530550-000000000-00000

Poirier Y, Erard N, Petétot JM-C. Synthesis of polyhydroxyalkanoate in the peroxisome
of Saccharomyces Cerevisiae by using intermediates of fatty acid p-oxidation. Applied
and environmental microbiology. 2001;67(11):5254-5260. DOI: 10.1128/AEM.67.11.5254-
5260.2001

Poirier Y, Erard N, Petétot JMC. Synthesis of polyhydroxyalkanoate in the peroxisome of
Pichia Pastoris. FEMS Microbiology Letters. 2002;207(1):97-102. DOI: 10.1111/;.1574-
6968.2002.tb11035.x

Chen L, Zhang ], Chen WN. Engineering the Saccharomyces Cerevisiae [3-oxidation
pathway to increase medium chain fatty acid production as potential biofuel. PLoS
One. 2014;9(1):e84853). DOI: 10.1371/journal.pone.0084853

Marchesini S, Erard N, Glumoff T, Hiltunen JK, Poirier Y. Modification of the monomer
composition of Polyhydroxyalkanoate synthesized in Saccharomyces Cerevisiae expressing
variants of the -oxidation-associated multifunctional enzyme. Applied and environmental

microbiology. 2003;69(11):6495-6499. DOL: 10.1128/AEM.69.11.6495-6499.2003

Sheng J, Stevens ], Feng X. Pathway compartmentalization in peroxisome of Saccharo-
myces Cerevisiae to produce versatile medium chain fatty alcohols. Scientific Reports.
2016;6. DOI: 10.1038/srep26884

111



112 The Yeast Role in Medical Applications

[104]

[105]

[106]

[107]

Rutter CD, Rao CV. Production of 1-decanol by metabolically engineered Yarrowia
lipolytica. Metabolic engineering. 2016;38:139-147. DOI: 10.1016/j.ymben.2016.07.011

Fillet S, Gibert ], Sudrez B, Lara A, Ronchel C, Adrio JL. Fatty alcohols production by
oleaginous yeast. Journal of industrial microbiology & biotechnology. 2015;42(11):1463-
1472. DOI: 10.1007/s10295-015-1674-x

Zhou Y], Buijs NA, Zhu Z, Gémez DO, Boonsombuti A, Siewers V, Nielsen J. Harnessing
yeast peroxisomes for biosynthesis of fatty-acid-derived biofuels and chemicals with

relieved side-pathway competition. Journal of the American Chemical Society. 2016;138(47):
15368-15377. DOI: 10.1021/jacs.6b07394

Polach KJ, Neef DW, Fewell ]G, Anwer K. Compositions and Methods for Yeast Extra-
cellular Vesicles as Delivery Systems. Google Patents; 2016



