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ABSTRACT

Amylolytic enzymes catalyze the hydrolysis or the modification of starch
structure. Many organisms are able to produce these enzymes, but only a few of
them exhibit satisfactory characteristics for industrial application. The most
common commercial a-amylases with desirable industrial characteristics are
produced by bacteria from the genus Bacillus. Although the yield of a-amylase
produced by these bacterial strains can be increased with culture optimization,
the recombinant production of the enzyme could offer some advantages such as
easier genetic manipulation/mutation, inducible expression, faster production,
higher yields and easier purification steps. The present work proposes the
production of a recombinant a-amylase in Kluyveromyces lactis. A Bacillus
subtilis NRRL B-4212 strain provided the a-amylase gene, which was amplified
and inserted in a pKLAC2 vector in four different ways: (i) with both the B. subtilis
signal sequence and K. lactis leader sequence; (ii) with only the yeast leader or
(i) only the B. subtilis signal, and (iv) without any signal or leader sequence. The
final constructs were linearized and the cassettes were used for K. lactis CBS
2359 cells transformation. After growth in a selective medium, the positive yeast
colonies were assayed for enzymatic activity on agar plates and liquid medium.
It was expected that cells with construct (i) and cells with construct (ii) would
present extracellular enzymatic activity. On the other way, transformants with
constructs (iii) and transformants with construct (iv) should present an
intracellular activity. However, only constructs (ii) and (iv) behaved as expected.
Construct (i) could not secrete the enzyme, indicating that the presence of both
signals might interfere in the secretion machinery, and construct (iii) presented a
high extracellular activity (1200 U/L), even though it did not have the yeast leader
sequence, indicating that the yeast cell probably can also recognize the bacterial
signal peptide. One sample from each construct was selected to determinate the
enzyme’s optimal temperature and pH, obtaining results between 50 an 55 °C,
which is consistent with other observed values for Bacillus amylases.
Transformant LAC-EXAMY 4 was also cultured in different carbon sources to
observe cellular growth and enzyme production. The recombinant yeast was able
to quickly grow in the presence of glucose, sucrose and lactose. Even without the

induction with lactose or galactose the enzyme was produced with a basal level
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(0.44 U/mL). However, the presence of these carbon inducers greatly enhances
the production yield, achieving 2.21 U/mL with lactose and 2.55 U/mL with
galactose as the carbon source

Keywords: recombinant expression, alpha-amylase, signal sequence,
Kluyveromyces lactis.
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1 INTRODUCTION

Amylolytic enzymes catalyze the hydrolysis or the modification of starch
structure. Among them is included the a-amylase, an enzyme responsible for the
hydrolysis of a-1,4-glycosidic bonds in starch or its degradation products, acting
internally in the polysaccharidic chain. The a-amylase has a broad application in
industrial processes. They are vastly used in the textile and paper industries
(starch removal from fibers), food processing (for beverages and bakery),
detergents formulation (enhancing stain removal efficiency), pharmaceutical
studies (diagnostic tests) and ethanol production (GUPTA et al., 2003; SOUZA &
MAGALHAES, 2010).

Many organisms are able to produce this enzyme, but only a few of them
exhibit satisfactory characteristics for industrial application, such as optimal range
of temperature and pH compatible with those found in industrial processes
(GUPTA et al., 2003). The most common commercial a-amylases with desirable
biochemical characteristics are produced by bacteria from the genus Bacillus (B.
subtilis, B. stearothermophilus, B. licheniformis e B. amyloliquefaciens)
(SATYANARAYANA et al., 2006; PRAKASH & JAISWAL, 2010).

Although the yield of a-amylase produced by these bacterial strains can
be increased with culture optimization and strain screening, the recombinant
production of the enzyme could offer some advantages such as easier genetic
manipulation/mutation, inducible expression, faster production, higher yields and
easier purification steps.

Kluyveromyces lactis is a non-conventional yeast used as host for
heterologous protein production. It is able to consume a great variety of carbon
sources with a high growth rate and without producing ethanol under oxygen-
limited conditions (Crabtree-negative). Its genome has already been sequenced
and the cells can be easily manipulated for genetic transformation (VAN OOYEN
et al., 2006).

Based on these insights, the present work proposes the production of a
recombinant a-amylase from Bacillus subtilis in Kluyveromyces lactis cells for

industrial purposes, such as starch degradation for ethanol production.



2 PRACTICAL OBJECTIVES

2.1 GENERAL OBJECTIVE

The present study intends to produce a recombinant a-amylase from
Bacillus subtilis by transforming Kluyveromyces lactis cells with the exogenous

gene.

2.2 SPECIFIC OBJECTIVES

e Construct an expression vector of Kluyveromyces lactis containing the
gene of a-amylase from Bacillus subtilis with different signal sequences.

e Obtain recombinant K. lactis cells producing intracellular and extracellular
a-amylase.

e Perform shake flasks cultivations for the production of the enzyme on
bench scale.

e Partially characterize the enzymatic activity of the recombinant enzyme.



3 BIBLIOGRAPHIC REVIEW

3.1 AMYLOLYTIC ENZYMES

Amylolytic enzymes catalyze the hydrolysis or the modification of starch
structure. Among them is the a-amylase, which is responsible for the hydrolysis
of a-1,4-glycosidic bonds in starch or its degradation products, acting internally
in the polysaccharidic chain.

Starch is a common constituent of higher plants, where it plays a role of
carbohydrate storage. The metabolites arising from starch degradation are both
source of carbon and energy for the plant. Some plants accumulate a great
amount of starch granules in their tissues. As an example, the starch content in
potato tuber, maize endosperm, sweet potato, and roots of cassava and yam
varies between 65% and 90% of total dry weight (BEMILLER & WHISTLER,
2009).

The starch granules are made of two types of polymer: amylose and
amylopectin. The ratio between these two components varies depending on the
plant species, with an average of 15-25% of amylose and 75-85% of amylopectin
(BERTOLDO & ANTRANIKIAN, 2002). The amylose consists of unbranched
chains of D-glucose connected by a-1,4 linkages. Amylopectin consists of a chain
with a-1,4 linked glucoses branched at every 24-30 residues by a-1,6 linkages
(LEHNINGER et al., 2006; BEMILLER & WHISTLER, 2009).

The starch molecule is important in many manufacturing processes, not
only in food industry, but also in detergents, textile, paper, fuels and
pharmaceutical industries. One of the main modifications performed industrially
is the hydrolysis of the polymer to produce syrups, which is mainly accomplished
by enzymatic catalysis.

Starch can be hydrolyzed either by chemical treatment with inorganic acids
or by enzymatic treatment with hydrolytic enzymes. The second option is favored
because it allows better control of hydrolysis reaction, more specific catalysis,
more stable products, and milder reaction conditions (with lower temperatures
and pH near neutrality). These characteristics reduce the occurrence of
undesired reactions, the energetic need for the process and eliminate
neutralization steps (SATYANARAYANA et al., 2006).



The first starch degrading enzyme was observed in 1811 by Kirchhoff, but
only after 1930 it was suggested the classification in a- and B-amylases,
according to the anomeric form of the sugars produced by the enzymatic reaction
(GUPTA et al., 2003; SATYANARAYANA et al., 2006).

Starch degrading enzymes can be classified according to their properties,
type of action, type of substrate, or similarity of sequences. The classification by
the type of bonds they break results in two groups: (i) those which act on a-1,4-
glycosidic bonds and (ii) those which act on a-1,6-glicosidic bonds. It is also
possible to distinct them by the site of hydrolysis: endo-hydrolases, which act on
the interior of the starch polymer, and exo-hydrolases, which act on the substrate

from the non-reducing end (Figure 1).
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Figure 1 - Starch-degrading enzymes classification based on the type of bond
they hydrolyze and site of action. Adapted from NIGAM & SINGH, 1995.

Endo-hydrolases (such as a-amylase) act in the interior of the starch chain.
They are able to hydrolyze in a random way at many positions of the polymeric
chain, producing a variety of dextrins and oligomers. Exo-hydrolases (such as -
amylase, glucoamylase and a-glucosidades) attack the chain from the non-
reducing end, producing well defined oligosaccharides, such as maltose for (3-
amylase and glucose for glucoamylase (Figure 2) (GUPTA et al., 2003;
BEMILLER & WHISTLER, 2009).
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Figure 2 - Enzymatic degradation of starch. The black circle indicates the
reducing sugar. Adapted from BERTOLDO & ANTRANIKIAN, 2002.

3.1.1 a-Amylase

The a-amylases are a-1,4-glucan-4-glucohydrolases that catalyze the
hydrolysis of a-1,4-glicosydic bonds in starch molecules or its products of
degradation. They act internally at random sites of the polysaccharidic chain,
producing diverse degradation products. The specificity for the substrate and the
range of products formed depends on the source of each a-amylase. They are
classified as EC (Enzyme Commission number) 3.2.1.1 based on substrate
specificity and the molecular mechanism of catalysis (SATYANARAYANA et al.,
2006).

The X-ray analysis of a-amylase structures reveals that it contains three
principal domains denominated A, B and C. In Figure 3 it is shown an example of
a bacterial a-amylase structure. Domain A consists of a (B/a)s barrel containing
the three catalytic residues (Asp, Glu, Asp). Domain C corresponds to the C-
terminal portion of the protein and domain B corresponds to a protrusion between
the third B-sheet and the third a-helix of the barrel in domain A (HORVATHOVA
et al., 2001; ALIKHAJEH et al., 2007).

The catalytic mechanism of the a-amylase is performed by three main

residues: an aspartate (Asp) acting as a nucleophile, a glutamic acid (Glu) acting
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as a hydrogen donor in the reaction, and another aspartate (Asp), which is
believed to help in the catalysis by doing a hydrogen bond with the substrate and
increasing the pKa value of the Glu residue (SATYANARAYANA et al., 2006;
PRAKASH & JAISWAL, 2010).

Domain C

Domain B

Figure 3 - Bacillus subtilis a-amylase structure showing domains A, B and C,
three Ca?* ions and the maltopentose used as substrate (molecule numbered
from 1 to 5). Adapted from FUJIMOTO et al., 1998.

One of the most advantageous characteristic of a-amylases that permits
their industrial application is their thermostability. This term refers to the
preservation of the chemical and spatial structure under high temperature
conditions. The molecular mechanisms of thermostability depends on the
enzyme, but some factors in common are considered to contribute to stability,
such as: higher number of hydrogen bonds, ionic interactions and disulfide bonds,
higher core hydrophobicity, decreased length of surface loops, presence of metal
binding sites, and increased packing density (which leads to a lower level of
thermal motion and less flexibility) (PRAKASH & JAISWAL, 2010).

For a-amylases, the most important factor is the presence of calcium ions,
substrate or other stabilizing agents. The stabilizing effect of calcium ion on the
enzyme’s thermostability can be explained by the salting out of hydrophobic
residues occurred in the presence of calcium ions, causing the adoption of a
compact structure (PRAKASH & JAISWAL, 2010). Most a-amylases are

metalloenzymes containing at least one Ca?* ion, and the amount of Ca?* ions



interacting with the protein can vary from 1 to 10 (SATYANARAYANA et al.,
2006).

The use of thermostable amylases in an industrial process has some
advantages, such as: lower cooling costs, better solubility of the substrate, lower
viscosity (allowing a better mixture and pumping of the solution), and reduced risk
of microbial contamination (ASGHER et al., 2007).

Nevertheless, many other metallic cations, especially heavy metals ions,
sulphydryl group reagents, N-bromosuccinimide, p-hydrohyl mercuribenzoic acid,
iodoacetate, BSA, EDTA and EGTA may inhibit the a-amylase (GUPTA et al.,
2003). Some animal and Streptomyces amylases have inhibition by
proteinaceous compounds or substrate analogues. The inhibition by
proteinaceous compounds occurs due to the presence of Trp-Arg-Tyr residues in
these molecules. Amylases from plants and other microorganisms do not present
this kind of inhibition (SUMITANI et al., 1998).

3.2 AMYLASE PRODUCTION

3.2.1 Sources of a-amylases

Amylases are ubiquitous enzymes in distribution, being easily found in
plants, animals and microorganisms. However, fungal and bacterial enzymes
have more commercial and industrial application due to its easier bulk production,
better catalytic properties and stability. Furthermore, microorganisms can be
easily manipulated to enhance production yield and protein characteristics
(SOUZA & MAGALHAES, 2010).

The production of microbial a-amylases in bioreactors can occur either by
submerged fermentation or solid state fermentation, depending on the
characteristics of the producing strain. The physicochemical factors during
fermentation will also affect the production of the enzyme, such as medium
composition, pH, temperature, aeration, inoculum level and age, carbon/nitrogen
ratio, and presence of inducer (PANDEY et al., 2000; SATYANARAYANA et al.,
2006).



Industrial amylases typically need little purification during the downstream
process, because most of their commercial uses do not need a high degree of
purity. Only some pharmaceutical applications and structural studies need highly
purified a-amylases (SOUZA & MAGALHAES, 2010).

The bench scale purification of the protein usually includes an initial
separation of the cells from the supernatant, followed by an enzyme
concentration by chromatography (ion exchange, gel filtration, hydrophobic
interaction, reverse phase), extraction by solvents (ethanol, acetone),
precipitation (ammonium sulfate) or ultrafiltration. Some of these steps are
expensive, laborious and may result in great loss of product, not being applicable
to the industrial environment (PANDEY et al., 2000; GUPTA et al., 2003; SOUZA
& MAGALHAES, 2010).

Many organisms are able to produce these enzymes, but only a few of
them exhibit satisfactory characteristics for industrial application, especially the
microbial a-amylases. Among the fungal species, the most representative
producers of a-amylase are from mesophilic species, such as those in the
Aspergillus genus (GUPTA et al.,, 2003). Some yeast also exhibit amylolytic
activity, especially Saccharomyces diastaticus, Endomycopsis capsularis
(VERMA et al.,, 2000), and Cryptococcus flavus (GALDINO et al.,, 2008).
Extremophiles belonging to the Bacteria and Archaea domains can produce a-
amylases with remarkable industrial characteristics (PRAKASH & JAISWAL,
2010). The most noteworthy producing species are Pyrococcus furiosus, P.
woesei, Thermococcus profundus and T. hydrothermalis (BERTOLDO &
ANTRANIKIAN, 2002).

The most common commercial a-amylases are those produced by
bacteria from the genus Bacillus, especially B. subtilis, B. stearothermophilus, B.
licheniformis and B. amyloliquefaciens (SATYANARAYANA et al.,, 2006;
PRAKASH & JAISWAL, 2010). As this work focus in the production of a bacterial

a-amylase, greater details on the subject will be given separately in the next topic.



3.2.1.1 Bacillus subtilis

Bacillus subtilis is an a-amylase producer commonly found in soil. It is a
gram-positive non-pathogenic eubacterium (Figure 4), which is generally
regarded as safe for industrial processes. This species is also known for its usage
as a host for production of heterologous proteins, being considered as the gram-
positive equivalent of Escherichia coli in molecular biology (BOLHUIS et al., 1999;
RAJAGOPALAN & KRISHNAN, 2008).

Figure 4 - Bacillus subtilis cells after Gram staining at 1000x magnification
(Source: the author).

The production of a-amylase by B. subtilis is frequently done by
submerged fermentation. ROY et al. (2012) performed broth optimization for B.
subtilis AS-S01a cultivation and amylase production in a 5 L bioreactor. They
reached a maximum productivity of 799 U (specific activity of 210.2 U/mg) at 72 h
in a broth composed of beef extract and starch. The enzyme had a molecular size
of 21 kDa and an optimal activity at 55 °C and pH 9.0. ASGHER et al. (2007)
produced the enzyme in shake flasks with B. subtilis strain JS-2004 and observed
that the enzyme synthesis was growth associated. The amylase production
peaked at 48 h with approximately 60 U/mL, when the cell population also
reached its maximum (4 g/L of cell dry weight). During medium optimization, it

was detected that yeast extract and calcium favor growth and expression, while



glucose reduces amylase production. The enzyme had optimal activity at 70 °C
and pH 8.0.

Not only can bacterial cells be cultivated by submerged fermentation, but
also by solid state fermentation. BAYSAL et al. (2003) isolated a Bacillus subtilis
strain from hot-spring water and cultivated it in solid state using wheat bran and
rice husk as substrates. The first one presented better results, with higher
enzyme concentration at 48 h (159,520 U per gram of substrate).

MUKHERJEE et al. (2009) isolated the B. subtilis strain DM-03 from
fermented food and performed a solid state fermentation on trays with different
agro-industrial wastes (potato peel, wheat bran, oil cake, rice bran, Imperata
cylindrica grass, banana leaves and tea leaves). Potato peel and wheat bran had
the best enzyme yields (532 U per gram of dry substrate) because they have
higher starch content and lower free sugar concentration. Glucose and readily
metabolized sugars in the medium have a negative effect on protein production
due to possible catabolic repression. ASGHER et al. (2007) also observed
glucose repression during a-amylase production. However, B. subtilis strain
KCC103 cultivated by RAJAGOPALAN & KRISHNAN (2008) showed no
repression in the presence of glucose, permitting the use of sugarcane bagasse
hydrolysate as substrate to produce up to 144.5 U/mL of enzyme. NAJAFI et al.
(2005) were also able to produce 38 U/mL of a-amylase by strain AX20 without
the repression effect in the presence of high amounts of glucose and maltose.
Their enzyme had a higher molecular size (139-149 kDa), presented itself as an
homodimer, had an optimal activity at pH 6.0 and 55 °C, and exhibited no
inhibition by EDTA or EGTA, suggesting that it does not require metal ions for
activity.

The a-amylase from B. subtilis can also be immobilized in a solid matrix.
Immobilization of enzymes has become a subject of interest because it offers the
possibility of enzyme recovering and re-utilization, enhancing stability, simplifying
the separation from reaction mixture and facilitating the application to an
automated continuous process. ABDEL-NABY et al. (1998) tried to immobilize an
amylase produced by Bacillus subtilis using different methods, such as
adsorption on aminoalkaylsilano-alumina, ionic binding onto DEAE-cellulose,
covalent binding on chitin, and entrapment in polyacrylamide and calcium-

alginate. Though the immobilization of the amylase reduced the enzyme activity
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and shifted the optimal pH to lower values, the enzyme became more
thermostable, with an increase of optimal temperature from 45 °C to 60-65 °C.
KONSOULA & LIAKOPOULOU-KYRIAKIDES (2006a) immobilized an a-
amylase by calcium alginate entrapment and were able to reuse the capsules up
to 20 times. Nevertheless, the entrapped enzyme showed lower hydrolysis rates
compared to free enzyme due to the interference of gel matrix in the diffusion of
molecules to the active site of the enzyme.

Not only is it possible to immobilize the enzyme, it is also possible to
immobilize the Bacillus cells. KONSOULA & LIAKOPOULOU-KYRIAKIDES
(2006b) accomplished the entrapment of B. subtilis cells in calcium-alginate
capsules. The immobilized cells were able to sustain 90% of productivity over 5
sequential batches.

Regarding the secretory pathway of amylase production, protein secretion
by B. subtilis can happen through different ways. One of them is denominated
Sec-type secretion (Figure 5), which is mediated by a signal peptide consisting
of: a N-region with three positively charged residues of lysine or arginine, a
hydrophobic region of approximately 19 residues and a C-region comprising a
type | SPase cleavage site with a consensus A-S-A sequence (TJALSMA et al.,
2004).

Pathway Export Signal SPase

-t ignal Pepti
Secretory (Sec-type) Signal Peptides Type | SPases

Sec N H G SipS, SipT,
FIsAE SipU, SipV,
+1 or SipW

Figure 5 - Consensus sequence for signal peptides of Sec-type secretion.
Adapted from TJALSMA et al., 2004.

3.2.2 Heterologous expression of a-amylases

Although the yield of a-amylase produced by natural microbial strains can
be increased with culture optimization, the recombinant production of the enzyme

could offer some advantages such as easier genetic manipulation/mutation,
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inducible expression, faster production, higher yields and easier purification
steps.

The development of new genetic engineering tools permitted the
introduction of novel genes into an organism and the production of heterologous
proteins. These proteins can be expressed in many cell cultures of bacteria,
yeasts, fungus, mammals, plants and insects or in transgenic animals and plants.
The quality, functionality, rate of production and yield of the final protein depends
on the characteristics of each of these hosts (DEMAIN & VAISHNAYV, 2009).

One of the most widely used hosts for heterologous expression is the
Escherichia coli, especially for those proteins which do not need glycosylation.
They have as an advantage the rapid growth and expression, and the simplicity
in genetic manipulation with many molecular tools available. However, bacterial
cells are not able to perform post-translation modifications, such as disulfide
bonds and glycosylation (DEMAIN & VAISHNAV, 2009).

Generally the overexpression of recombinant proteins in E. coli produces
intracellular insoluble aggregates which are denominated inclusion bodies. The
resolubilization of such aggregates requires the use of denaturing agents
followed by a renaturation of the protein molecular structure. This process may
have great loss of activity due to the difficulty of the protein to regain its original
conformation (LINDEN et al., 2000). Reports of successful solubilization without
using denaturing conditions are scarce, but some of them include heating of
insoluble aggregates or glycerol extraction. RASHID et al. (2010) were able to
resolubilize a recombinant a-amylase produced as aggregates in E. coli with a
glycerol extraction combined with incubation at 40 °C.

Other useful and well document bacterial systems are from the Bacillus
genus, notably the B. subtilis and B. licheniformis strains. They easily secrete
proteins (with no production of intracellular inclusion bodies), are genetically well
characterized and are generally recognized as safe (GRAS) by the US FDA
(DEMAIN & VAISHNAYV, 2009).

The a-amylase was one of the first proteins adopted for molecular biology
studies because of the easiness in screening assays, the availability of amylase
negative strains and the great knowledge in B. subtilis genetics and fermentation
technology (SATYANARAYANA et al., 2006). Table 1 shows some examples of

a-amylase production in recombinant bacterial hosts.

12



Table 1 - Examples of recombinant a-amylases produced in bacterial hosts.

Reference Gene from Cloned in Production
B. stearothermophilus  B. stearothermophilus 3.9 U/mL
AIBA et al., 1983 ) ; .
B. stearothermophilus  Bacillus subtilis 1.6 U/mL
* TAKKINEN et al., 1983 B. amyloliquecafiens  Bacillus subtilis -
* YANG et al., 1983 Bacillus subtilis Escherichia coli -
B. stearothermophilus  Escherichia coli -
*
GRAY et al., 1986 B. stearothermophilus  Bacillus subtilis -
* GOBIUS & PEMBERTON, 1988 Aeromonas hydrophila Escherichia coli -
Bacillus sp. Escherichia coli -
* TSUKAMOTO et al., 1988 . . .
Bacillus sp. Bacillus subtilis -
DONG et al., 1997 Pyrococcus furiosus Escherichia coli 109 U/mL
Pyrococcus furiosus Escherichia coli -
JORGENSEN et al., 1997 ] ] -
Pyrococcus furiosus Bacillus subtilis -
Bacillus sp. Escherichia coli 3100 U/mL
SIDHU et al., 1997 ) ; -
Bacillus sp. Bacillus subtilis 13900 U/mL
KIM et al., 1997 Streptomyces albus Bacillus subtilis 136 U/mL
LINDEN et al., 2000 Pyrococcus woesei Escherichia coli 13.851 U/mL
ALl et al., 2006 B. stearothermophilus  Escherichia coli -
NIU et al., 2009 B. licheniformis Bacillus licheniformis 17600 mg/L

* Cited by SATYANARAYANA et al., 2006

3.2.2.1 Yeast as an heterologous host

Whenever a recombinant protein is not produced correctly in a bacterial
host because of folding problems or other post-translational processing, yeasts
can be used for hosting the heterologous gene. Some yeast strains are
genetically well characterized and can easily adapt to the industrial fermentation
process. Yeast hosts have as advantages the rapid growth with high cell density,
the ability to grow on common substrates and the capacity to perform post-
translational modification, such as assisting in folding and performing
glycosylation. They are also safe to work because they do not harbor pathogens,
viral inclusions or pyrogens (BOER et al., 2007; DEMAIN & VAISHNAYV, 2009).

The glycosylation pattern differs among each cell strain and at each culture
condition. Protein glycosylation might enhance its thermostability and protect the
enzyme from proteases. Nevertheless, yeasts usually hyperglycosylate N-linked

sites, causing the reduction of protein activity, solubility, stability and alter
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immunogenicity (DEMAIN & VAISHNAYV, 2009). TULL et al. (2001) observed that
N-glycosylation reduced the thermostability of a recombinant a-amylase from
Bacillus produced by Pichia pastoris. The recombinant enzyme lost 50% of
activity at the temperature of 76 °C, while the natural one produced by the Bacillus
lost 50% of activity only at 89 °C. The removal of glycosylation by
endoglycosydase H treatment did not enhance the thermostability of the
recombinant protein.

The heterologous production in yeasts could be enhanced by optimizing
some parameters, such as: culture physical conditions (pH, temperature), culture
chemical composition (richer broths usually present higher productivity), the type
of gene promoter and signal sequence used (Table 2), the codon bias, and the
superexpression of chaperones (WONG et al., 2002). Furthermore, systems
biology and proteomics analysis during the recombinant protein expression could
help to identify the different types of stresses caused to the cell by the exogenous
gene. There is still a reduced amount of information regarding the proteomics of
yeast cells during heterologous gene expression. Besides that, lab scale analysis
may not correspond to the conditions faced by the microorganism in an industrial
plant, where external conditions (temperature, osmolarity and nutrient limitation)
can also be stressful (GRAF et al., 2009).

Table 2 - Main promoters used for recombinant gene expression in yeasts.
Adapted from PORRO et al., 2005

Constitutive Promoter induced by
Species Promoter Galactose Lactose Ethanol Starch Xylose Methanol

S. cerevisiae GAPDH, GAL1-10, ADH2

PGK, TPI, GAL7

ENO, a-MP
K. lactis PGK LAC4 ADHA4
S. occidentalis GAM1 AMY1,

GAM1
Y. lipolytica TEF, RPS7
Z. rouxii GAPDH
Z. bailii TPI
P. stipitis XYL1
P. pastoris GAP AOX1,
FLD1

H. polymorpha MOX
C. boidinii AOD1
P. methanolica AUG1
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The classical yeast in molecular biology is Saccharomyces cerevisiae. The
recombinant protein secreted by this microorganism frequently presents a high
fidelity in translation, an adequate N-terminal processing and a correct disulfide
bond formation. Only 0.5-1% of intracellular proteins leak out of the cell, which
simplifies the purification of extracellular proteins. Furthermore, protein secretion
to the extracellular medium avoids prolonged exposure to proteases, which may
reduce their half-life and stability (WONG et al., 2002).

There are also other yeast strains used in protein production as alternative
hosting systems. One of them is Pichia pastoris, a methylotrophic yeast which
can grow in medium containing methanol as the only carbon source. In a
bioreactor it is possible to achieve high cell concentrations (>100 g dry biomass/L;
>400 g wet biomass/L; >500 ODsoo/mL) and high concentrations of secreted
proteins (CEREGHINO et al., 2002).

The majority of research projects about the production of recombinant a-
amylases in yeasts deal with the production in Saccharomyces cerevisiae and
Pichia pastoris. Some of them are only aiming to produce the heterologous
enzyme to perform structural and glycosylation studies, such as JUGE et al.
(1996), MONTESINO et al. (1998), and RYDBERG et al. (1999). The present
work focuses on the production of a recombinant a-amylase for industrial
purposes. Therefore, in this bibliographic review it will be emphasized those
articles that give more attention to the industrial application of recombinant yeast
expression.

Many works dealing with the production in Saccharomyces cerevisiae
usually aim the expression of the enzyme and the production of ethanol at the
same time. BIROL et al. (1998) performed experiments using three different
recombinant S. cerevisiae: one harboring a fusion gene of B. subtilis a-amylase
and A. awamori glucoamylase; one producing the B. subtilis a-amylase and A.
awamori glucoamylase as separate enzymes; and one producing the A. awamori
glucoamylase and a mouse a-amylase as separate enzymes. The construct with
the mouse gene showed low yields in protein production. The others were able
to degrade starch and also produce ethanol. The enzymes expressed separately
had higher ethanol productivity than the fused ones, obtaining 43.8 g/L of ethanol.
ALTINTAS et al. (2002) used the same yeast strain harboring the fused gene as

the previous work and performed fed-batch experiments by adding starch in
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pulses when it dropped to low values. They detected a good plasmid stability
(74% of cells retained their plasmids), and high ethanol yield and productivity
(0.233 g ethanol/L/h).

SHIBUYA et al. (1992) also made a fusion gene of a-amylase and
glucoamylase for S. cerevisiae transformation, but this time the genes came from
Aspergillus shirousamii. The fusion protein had almost the same specific activity
for soluble starch as those of individual enzymes, with both active sites fully
functional without interfering with each other. However, the fused protein was
only secreted in small amounts.

The use of SUC2 promoter (which is repressed at high glucose
concentration and derepressed at low glucose concentration) in S. cerevisiae
was attempted by ZHANG et al. (2001). The fermentation was performed in two
stages: the first stage aimed to achieve high cell density in the presence of both
glucose and lactic acid; and the second stage started when most of the glucose
was consumed and only yeast extract and lactic acid was fed to the cells (initiating
the inducing phase). The feed of a carbon source other than glucose during
induction phase provided the energy needed for synthesizing the protein and
achieving higher protein concentrations.

GALDINO et al. (2008) expressed a Cryptococcus flavus in S. cerevisiae
under the control of the constitutive PGK1 promoter. A maximum of 3.93 U/mL
was achieved at 60 h fermentation and the protein production did not impair cell
growth.

Barley’s a-amylases produced by yeasts have also been much studied
because the optimal pH of barley’s enzyme is low, which is compatible with the
conditions found during alcoholic fermentation (pH 4.0-5.0) (LIAO et al., 2010).
WONG et al. (2002) produced a barley a-amylase in S. cerevisiae under the
control of a PGK1 promoter and observed that when glycerol was used as carbon
source the enzyme synthesis and secretion was enhanced while the cell growth
was suppressed, with a pronounced enhancement in enzymatic activity after 48
h culture.

LIAO et al. (2010) produced barley isoenzyme 1 in S. cerevisiae either
anchored on the cell surface or secreted to the medium. The researchers
attempted to anchor the enzyme to improve its stability. However, the secreted

form of the enzyme had higher starch consumption rate than the anchored one

16



and also higher ethanol yield, with 16.7 g/L of ethanol when cultivated for 70 h in
50 g/L starch broth.

In Pichia pastoris, the production of barley isoenzymes was attempted by
JUGE et al. (1996) under the control of a AOX1 promoter. The enzymes could be
efficiently secreted to broth by their own signal sequence and they did not present
N-glycosylation. However, they appeared in different molecular sizes due to C-
terminal sequence processing.

CHOI & PARK (2006) attempted to produce a mouse a-amylase in P.
pastoris. They optimized some environmental factors, such as temperature, pH
and carbon and nitrogen sources and observed that in batch fermentations the
combination of methanol and glycerol as carbon sources enhance 1.6-fold the
enzyme and biomass yields. In fed-batch experiments, the feeding of a nitrogen
mixture (peptone and yeast extract) and a carbon mixture (methanol and glycerol)
enabled high biomass concentration (ODeoo=179) and enzymatic activity (2.4
kU/mL).

KARAKAS et al. (2010) produced a B. subtilis amylase in P. pastoris with
methanol induction. In shaken flasks fermentations, the maximum activity was
achieved at 72 h (44.34 U/mL) and the recombinant enzyme had an optimum
activity at 60 °C and pH 7.0. The presence of calcium ions increased the
enzymatic activity in 41%.

LI et al. (2011b) produced in Pichia a recombinant a-amylase from
Rhizopus oryzae. Both a constitutive promoter (GAP) and an inducible promoter
(AOX1) were tested. The enzyme production with the former was only one
fifteenth of that obtained with AOX1 promoter. They also tested the signal peptide
for enzyme secretion, observing that the Rhizopus native sequence could
efficiently direct the secretion of recombinant enzyme to the broth. At last, the
best construct obtained (the one induced by methanol and with native signal) was
tested in a 7L fed-batch fermentation, achieving 400 mg/L of secreted protein.

Table 3 gives more examples of recombinant a-amylase produced by

yeasts, showing the enzymatic production when this data was available.
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Table 3 - Examples of recombinant a-amylases produced in yeast.

Reference Gene from Cloned in Production
Schwanniomyces Saccharomyces
occidentalis cerevisiae 0.02 U/mL
STRASSER et al., 1989 ) ) i
S. occidentalis Kluyveromyces lactis 0.03 U/mL
S. occidentalis Saccharomyces pombe  0.01 U/mL
Aspergillus Saccharomyces
SHIBUYA et al., 1992 shirousamii cerevisiae -
Bacteria S. cerevisiae 0.9g/L
PAIFER et al., 1994 ) o )
Bacteria Pichia pastoris 2.59/L
Barley isoenzyme 1 Pichia pastoris -
JUGE et al., 1996 . . .
Barley isoenzyme 2 Pichia pastoris -
TOKUNAGA et al., 1997 Mouse Kluyveromyces lactis 0.527 U/mL
Bacillus subtilis S. cerevisiae 4000 U/mL
BIROL et al., 1998 .
Mouse S. cerevisiae 1500 U/mL
RYDBERG et al., 1999 Human Pichia pastoris -
TULL et al., 2001 Bacillus sp. Pichia pastoris 311.5 U/mL
KATO et al., 2001 Mouse Pichia pastoris 240 mg/L
ALTINTAS et al., 2002 Bacillus subtilis S. cerevisiae -
CHOI & PARK, 2006 Mouse Pichia pastoris 2400U/mL
NAKANO et al., 2006 Rice isoenzymes Pichia pastoris 173 mg/L
ARRUDA, 2008 Bacillus subtilis Pichia pastoris 250 U/mL
GALDINO et al., 2008 Cryptococcus flavus  S. cerevisiae 3.93 U/mL
KARAKAS et al., 2010 Bacillus subtilis Pichia pastoris 44.34 U/mL
LIAO et al., 2010 Barley isoenzyme 1 S. cerevisiae -
MONTANO, 2010 Bacillus subtilis Pichia pastoris 218 U/mL
Ll etal., 2011a Rhizopus oryzae Kluyveromyces lactis 22.4 U/mL
Ll etal., 2011b Rhizopus oryzae Pichia pastoris 450 U/mL

3.2.2.2 Kluyveromyces lactis

Kluyveromyces lactis (Figure 6) is a non-conventional yeast used as host
for heterologous protein production. It has also been used for a long time in the
food industry for the production of B-galactosidase (lactase), being considered a
GRAS (generally recognized as safe) microorganism for this application. Thus,
its culture in large scale is well known and studied. Their ability to grow in cheap
substrates such as lactose and cheese whey makes them interesting hosts for
industrial production (VAN OOYEN et al., 2006).
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Figure 6 - Kluyveromyces lactis cells after methylene blue staining (dead cells

appear as dark blue) at 1000x magnification (Source: the author).

An interesting characteristic of this yeast for the heterologous production
is the absence of a Crabtree effect. Crabtree-positive yeasts such as
Saccharomyces cerevisiae produce ethanol under oxygen limitation, reducing
yield in ATP and biomass production. Therefore, with Crabtree-negative strains
such as K. lactis it is possible to achieve high biomass concentration without
metabolic deviations to other secondary products other than the desired protein
(SCHAFFRATH & BREUNIG, 2000).

A great variety of K. lactis strains have been deposited in culture
collections. One of the most used in research is CBS 2359, which is well
characterized and whose genome has already been sequenced (VAN OOYEN et
al., 2006).

Both episomal and integrative vectors are available for K. lactis cell
transformation. Episomal vectors (e. g., pKD1) may be present in many copies
inside the yeast cell. However, they might be very unstable without the presence
of a selecting agent. On the other hand, integrative vectors (e. g., pKLAC) are
genetically more stable, but may be present in a low number of copies (VAN
OOYEN et al., 2006).

A few promoters are used in K. lactis expression vectors. The most
characterized is the LAC4 gene promoter, which is induced 100-fold in the

presence of lactose or galactose and is usually not repressed by glucose. Other
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promoters from S. cerevisiae are recognized by K. lactis and can also be used
for the expression of foreign genes, such as PGK1 and PHO5 promoters (VAN
OOYEN et al., 2006).

There are few reports regarding the production of recombinant a-amylase
in Kluyveromyces lactis. One of the first attempts was performed by STRASSER
et al. (1989), when they compared the productivity of a Schwanniomyces
occidentalis a-amylase produced by Saccharomyces cerevisiae, S. pombe and
K. lactis. The K. lactis cells had the highest extracellular production, achieving an
enzymatic activity of 30.5 UJ/L.

TOKUNAGA et al. (1997) transformed K. lactis cells to produce a-amylase
from mice. They tested gene constructs containing different promoters (PHO5
and PGK1) and observed that both had similar efficiency in inducing protein
production. The yeast secreted both the glycosylated and the non-glycosylated
forms of the protein. By non-denaturing PAGE electrophoresis and iodine staining
they were able prove that both forms of the protein are enzymatically active. The
recombinant cells efficiently secreted the enzyme when cultivated in glucose,
lactose or galactose as a carbon source, with the highest productivity of 0.527
U/mL. The production of the amylolytic enzyme also enabled the yeast to grow
on starch as the only carbon source.

The a-amylase gene has also been used as a reporter gene in K. lactis
basic research. BARTKEVICIUTE & SASNAUSKAS (2003) wanted to screen for
K. lactis mutants with super-secretion phenotype after UV mutagenesis. They
used a Bacillus amyloliquefaciens a-amylase as a reporter gene for protein
secretion because they could be easily detected by iodine staining.

Ll etal. (2011a) attempted to produce an a-amylase from Rhizopus oryzae
in Kluyveromyces lactis using the LAC4 gene promoter to induce protein
expression. A number of carbon sources were tested for the expression of the
enzyme, and the culture in galactose medium had a slightly higher productivity,
achieving 22.4 U/mL. However, in lactose broth the secretion of the enzyme was
not induced as expected, having similar yield to those cultures in glucose,
glycerol, starch and maltose medium. The strain was also able to grow on starch
as the only carbon source, with a yield of 12.25 g/L in biomass and 11 U/mL in

secreted enzyme (present both in a glycosylated and non-glycosylated form).
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3.3 APPLICATIONS OF a-AMYLASES

Amylolytic enzymes have a broad application in industrial processes,
including in the textile, paper, food, detergent and pharmaceutical fields.

Currently, almost 90% of liquid detergents contain a-amylase. The use of
enzymes during the washing procedure enhances the ability of the detergent to
remove stains, making the product environmentally friendly and avoiding the use
of other aggressive chemical compounds which might damage the laundry and
dishware (GUPTA et al., 2003; SOUZA & MAGALHAES, 2010). The a-amylases
used for this application need to have a good activity and stability at the
physicochemical conditions achieved during the washing procedure, such as
alkaline pH, the presence of metal ion biding agents (polyphosphates,
nitrilotriacetics acid and zeolites), anionic surfactants, and bleaching agents. As
an example, MUKHERJEE et al. (2009) produced an a-amylase from B. subtilis
and tested its compatibility with compounds present in detergents formulation.
After simulating a washing process at 37 and 45 °C, they observed that the
enzyme was able to maintain a good activity. ROY et al., (2012) also tested their
a-amylase for this application, and discovered that it was stable in the presence
of laundry detergents components and improved stain removal.

At the food processing industry this enzyme is used for the production of
bread, cakes and beverages. In bakery, a-amylase is used to break starch into
smaller dextrins, accelerating the fermentation performed by the yeast and
reducing the viscosity of the dough. The application of the enzyme enhances the
texture and volume of the final bread and helps in developing the flavor and color.
In beverages production, amylolytic enzymes are mainly used for beer and juice
clarification (GUPTA et al., 2003; SOUZA & MAGALHAES, 2010).

Another application is the treatment of animal feed with a-amylase to
enhance digestibility and nutrient absorption (SOUZA & MAGALHAES, 2010).
Exogenous enzymes complement the enzymes insufficiently produced by the
animal, improving their digestive capacity and stabilizing the gut flora. As an
example, the product AVIZYME 1500 produced by Danisco comprises a mixture
of xylanase, amylase and protease. The amylase acts in the initial part of the
animal’s gastrointestinal tract, enhancing the incomplete digestion of starch
present in the endosperm of cereals used as feed (POLITZER & BON, 2006).
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Starch is used during weaving in the textile manufacturing process to
increase fiber's resistance. Afterwards it is removed from the fabric with the
application of amylolytic enzymes. They degrade starch into smaller dextrins
more soluble in water that can be washed away (GUPTA et al., 2003; SOUZA &
MAGALHAES, 2010).

Although in Brazil the main raw material used for ethanol production is
sugarcane, in other countries starch is predominantly used for this purpose. In
the United States most of their corn crops are destined to the production of
alcohol for fuel (Figure 7). The starch from maize must be treated with a-amylases
and glucoamylases to produce a mixture of fermentable sugars which can be
consumed by yeasts (Saccharomyces cerevisiae) to produce ethanol. On
average, 9.5 L of ethanol are produced from 14.5 kg of starch (BEMILLER &
WHISTLER, 2009).

Cereals and sz;d
ot gg/f: ducts ‘ High-fructose corn
syrup (HFCS)
8%
Glucose and dextrose
4%

Alcohol for beverages
and manufacturing
2%

Starch
4%

Figure 7 - Industrial uses of corn produced in the United States between
September/2010 and August/2011 according to United States Department of
Agriculture (USDA).

The hydrolysis of starch initially needs a cooking step to gelatinize the
starch granules. This procedure is called gelatinization and is achieved by heating
up the granules in an aqueous solution (pH 5.8-6.5) to 105-110 °C for 5 minutes.
If the gelatinization temperature is kept under 105 °C there will be only a partial

solubilization of the material, which may cause pumping and filtration problems
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in the subsequent steps. Subsequently the solution is cooled down to 95 °C to
perform the starch liquefaction: a partial hydrolysis with a-amylases for 2 to 3
hours. During this step occurs the breakdown of starch polysaccharidic chains in
dextrins, which causes the reduction of solution viscosity. Afterwards the solution
is cooled to 55-60 °C and the pH is adjusted to 4.2-4.5 to perform the
saccharification of the material. This step comprises the final enzymatic
hydrolysis with glucoamylase for 24 to 72 h to produce fermentable sugars such
as glucose and maltose (VIEILLE & ZEIKUS, 2001; PRAKASH & JAISWAL,
2010).

As it can observed, this process involves many heating, cooling and pH
adjusting steps, creating massive costs with energy and reagents (VIEILLE &
ZEIKUS, 2001). The use of enzymes with optimal pH and temperatures near each
other would assist the decrease in costs. Moreover, the use of raw starch
degrading enzymes could cut out the gelatinization cooking step, having a
simplification of the process and reducing the energy consumption (SUN et al.,
2010).

3.4 AMYLOLYTIC ENZYMES MARKET

The need for new sustainable and environmentally friendly processes to
substitute chemical processes based in non-renewable sources has increased
the requirement for new biotechnology tools. Processes involving the use of
enzymatic technology are included in these cleaner biotechnologies, having a
huge demand in the worldwide market. The global industrial enzyme market is
expected to reach $4.4 billion by 2015 (SARROUH et al., 2012). Amylolytic
enzymes corresponded in 2005 to 13% of all the enzymes exported in Brazil, and
to 14% of all imported enzymes. Some of the main producers of industrial
amylolytic enzymes in Brazil are Novozymes Latin America Ltda., Danisco (now
acquired by DuPont), and DSM (POLITZER & BON, 2006).

According to the Brazilian Ministry of Development, Industry and
International Trade (Ministério do Desenvolvimento, Industria e Comeércio

Exterior - http://aliceweb2.mdic.gov.br/), the amylase’s data are divided in two

groups of NCM (nomenclatura comum do Mercosul): NCM 3507.90.11 for a-
amylase (Aspergillus oryzae) and NCM 3507.90.19 for other amylases and their
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concentrate. In 2011 Brazil imported 459 tons of a-amylase (Aspergillus oryzae)
and exported 14 tons. During the same period, the importations accounted for
US$ 3 million in expenses, while the income with exportations was only of US$
113 thousand. For other amylases and their concentrate, data show that 848 tons
were imported in 2011 and 60 tons were exported. This indicates a technological
disadvantage in Brazil in terms of production and use of these catalysts. The
mean price of the imported a-amylase (A. oryzae) was US$ 6.72/kg and for other
amylases and their concentrate US$ 7.98/kg. Analyzing throughout a period of
12 years, it can be observed that importation prevailed most of the time for both
a-amylase (A. oryzae) and other amylases (Figure 8). Because of the present
need and tendency of the market it is expected a significant increase in enzyme

consumption in the next years.

(a) Alpha-amylase (Aspergillus oryzae) (NCM 3507.90.11)
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Figure 8 - Annual value and weight of imported and exported amylases in Brazil
according to Ministério do Desenvolvimento, Industria e Comércio Exterior.
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In starch’s hydrolysis process, the costs with enzymes are US$ 17.00 per
ton of starch, and the total cost for the production of hydrolyzed syrup is from
US$165.00 to US$250.00. Therefore, the enzymes account for 11 to 7% in the
total cost for starch hydrolysis (POLITZER & BON, 2006). For that reason, it is
crucial to develop more economic processes for producing the enzyme and
reducing the final product price, which will eventually strengthen even more the

use of enzymes in the industry.
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4 MATERIALS AND METHODS
4.1 MICROORGANISM STRAINS

The Bacillus subtilis subspecies subtilis NRRL B-4212 strain supplied by
ARS Culture Collection was used as a donor of the a-amylase gene. The
Escherichia coli XLI-Blue strain was used during the vector construction and
cloning steps in bacteria. The Kluyveromyces lactis CBS 2359 strain was used
for yeast transformation and protein expression.

4.2 CULTURE MEDIA

— Luria-Bertani (LB) was used for strain propagation and preservation of

Escherichia coli cells during molecular biology procedures (ZIMBRO et al.,
2009). It consisted in 1 g/L of glucose, 10 g/L of tryptone, 5 g/L of yeast
extract, 5 g/L of NaCl, and, in the case of solid medium, it was added 18 g/L
of agar. Whenever the cells where transformed with the plasmids, ampicillin
was added to the cooled medium to a final concentration of 100 mg/L for cell
selection.

— Tryptone, Glucose, Yeast Extract (TGY) was used for Bacillus subtilis

cultivation. It consists of 5 g/L tryptone, 2.5 g/L yeast extract, 1 g/L glucose
and 15 g/L agar.

— B. subtilis production broth (BAP) was used for the production of a-amylase

by B. subtilis. It consists of 5 g/L yeast extract, 10 g/L soluble starch, 20 g/L
tryptone, 25 g/L NaCl, 0.02 g/L MgS04.7H20, 0.026 g/L CaCl,.2H20, pH 7.0.

— Yeast carbon base (YCB) with acetamide 5 mM (New England Biolabs®

#B9017S) was used to select recombinant yeast cells right after
transformation, because only those cells with proper cassette integration are
able to metabolize acetamide as the only nitrogen source.

— Yeast extract, peptone, dextrose (YPD) was used for K. lactis cultivation
(ZIMBRO et al., 2009). It consists of 20 g/L peptone, 10 g/L yeast extract and

20 g/L glucose.
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— Yeast extract, peptone, lactose, starch (YPLS) was used for the screening of

the strains producing the recombinant enzyme in Petri dishes. It has the same
composition of YPD, except for the replacement of glucose by lactose (20
g/L) and the addition of starch (10 g/L) and agarose (15 g/L).

— Yeast extract, peptone, lactose (YPL) was used for the production of the

recombinant enzyme by K. lactis containing the cassette induced by lactose.
It has the same composition of YPD, except that glucose was replaced by
lactose.

— Yeast extract, peptone, carbon source (YPX) was used for the production of

the recombinant enzyme by K. lactis in different carbon sources. It consists
of 20 g/L peptone, 10 g/L yeast extract and 20 g/L of the carbon source (X =

glucose, sucrose, starch, lactose or galactose).

4.3 CASSETTE CONSTRUCTION

4.3.1 Basic molecular biology procedures

Bacterial competent cells of E. coli XLI-Blue were prepared and
transformed according to SAMBROOK & RUSSELL (2001). Plasmid extraction
(miniprep) was performed using the commercial kit Invisorb® Spin Plasmid Mini
Two from Invitek. DNA digestion with restriction enzymes and DNA ligation
procedures were done according to the manufacturer recommendations
(Invitrogen, New England Biolabs). Horizontal DNA electrophoresis in agarose
gel was performed according to SAMBROOK & RUSSELL (2001). Yeast genomic
DNA was extracted according to AUSUBEL et al. (2003).

4.3.2 Primers design, PCR amplification and vector construction
Primers were designed based on the amyE gene from Bacillus subtilis
0I1085 (GenBank: FJ643607.1). Observing the N-terminal portion of the protein

coded by this sequence, it can be noted that it probably contains a signal peptide

of the Sec-type (Figure 9).
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Figure 9 - N-terminal of the protein coded by the amyE gene, highlighting in gray
the probable signal peptide.

Therefore, five primers were designed for gene amplification (Figure 10):
EXSIG For and INTSIG For, which are the forward primers that anneal at the
beginning of the signal sequence; EXAMY For and INTAMY For, which anneal
right after the signal sequence; and AMY Rev, which is the reverse primer used
in combination with all the forward primers. This procedure was carried out to
compare if the presence of this bacterial signal sequence would interfere in
protein production at the yeast host.

Xhol / Hindlll

Xhol [ Hindlll
XSIG Fur/ INTSIG For
-EXAMY For/INTAMY For

— EcoRI- 537
[~ EcoRV - 978
— Smal - 1073

- Sall - 954

alpha-amylase gene
Signal

1 100

B. subtilis OI1085 amyE gene
1980 bp

AMY Rev
BamHI1

Figure 10 - Sequence scheme of the amyE gene (green arrow), highlighting the
signal sequence (gray box), the restriction sites (in blue) and the designed

primers (in pink).

The amplified gene must be inserted in the pKLAC2 vector (

Figure 11). Therefore, it was necessary to add to the amplification product
restriction sites compatible with those present at the vector. This plasmid permits
the expression of proteins in K. lactis extracellularly or intracellularly. The protein
secretion occurs when the desired gene is placed in frame with the a-mating

factor (a-MF) present in the plasmid, which directs the protein to the secretory
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pathway and is removed by the presence of a Kex protease cleaving site. Thus,
primers EXSIG For and EXAMY For contain a Xhol site (located right after the a-

MF in pKLAC2) and a coding sequence recognizable by Kex protease (Table 4).

For the intracellular production in yeast, primers INTSIG For e INTAMY For were

used. They contain a Hindlll site, which is located in pKLAC2 right after the

promoter and before the a-MF. The reverse primer (AMY Rev) anneals at the end

of the gene and contains a BamHI site, which is also present in the pKLAC2

polylinker.

PLAC4-PBI3’

a-MF

TTLACA

PADH1

amdS

PLAC4-PBI5’

ori

Ap R

3’ end of LAC4 gene
promoter

Leader sequence of
alpha-mating factor
from K. lactis
Transcription
terminator of LAC4
gene

Alcohol
dehydrogenase
promoter from S.
cerevisiae
Acetamidase gene for
acetamide
transformant selection
5’end of LAC4 gene
promoter

Replication origin of
pMB1

bla gene conferring
ampicillin resistance in
E. coli

HindIII - 1

Byl - 7530
Sacll - 7478

Saell - 4651

Xhal - 257

Neel - 201
Neol - 207
Nedl - 304
EeaRV - 313
Sall - 317
BamHI - 323
. EeoR] - 320
™ SAf1 - 340
S Sil - 356
Bael - 439
CspC'] - 992
Bglll - 1701

Xmal - 3360

BsXI - 4326

Figure 11 - Plasmidial vector pKLAC?2 used for K. lactis cassette construction.

Table 4 - Primer sequences indicating the position of the restriction sites and the

codons coding for Kex protease site.

Primer Sequence
EXSIG For 5-AGACTCGAGAAAAGAATGTTTGCAAAACGATTCAAA
Xhol Kext

INTSIG For 5-ACGGCAAAGCTTATGTTTGCAAAACGATTCAAA
Hindlll

EXAMY For 5-GCAGACTCGAGAAAAGAGAAACGGCGAACAAATCGAAT
Xhol Kext

INTAMY For 5-CAGGCAAAGCTTATGGAAACGGCGAACAAATCGAAT
Hindlll

AMY Rev 5-ACTGAGGATCCTCAATGGGGAAGAGAACCGCT

BamHI
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Bacillus subtilis genomic DNA was extracted with the method described by
SHARMA & SINGH (2005) and the sample was used as template for the PCR
reaction. The amplification reaction consisted of 100 ng of Bacillus genomic DNA,
3 mM of MgCl,, 150 uM of each dNTP, 0.5 uM of forward primer, 0.5 uM of
reverse primer, Tag DNA polymerase buffer and 0.05 U/uL of Taq DNA
polymerase (Invitrogen), completing the final volume to 100 pL with ultrapure
water. The cycling parameters were: 6 min at 95 °C (hot start); followed by 35
cycles of denaturation (30 s at 95 °C), annealing (45 s at 65 °C), and extension
(60 s at 72 °C); and a final extension for 10 min at 72°C.

The four amplification products obtained with the primers were digested with the
appropriate enzymes and inserted in the pKLAC2 vector (

Figure 11), generating four constructs: (i) pKLAC-EXSIG; (ii) pKLAC-
EXAMY; (iii) pKLAC-INTSIG; and (iv) pKLAC-INTAMY. Prior to yeast
transformation, these vectors were linearized with Sacll, creating the final
cassettes presented in Figure 12.

LAC-EXSIG _ 2 “3E il 2
oere 33 i T :
L 1YY ¥ I
P LAC4-PBI3' >| EXSIG [rec][Paori ] amds >
a¢". o = oo
LAC-EXAMY _ & ~g¥" s
8110 bp T3 fzefd % 3
EE EF&d & =
L1 1NV Y |
P LAC4-PBI3’ > EXAMY >|1-er:=| [PapHi|  amas >
E c 0 :é, g :.:E -
LAC-INTSIG - 7 3% B g
7944 bp s Zi.% 12 3
= S S =
| LAY Y |
| PLACA-PBIZ" | INTSIG [Ficdlpaon]  amds >
= - g e
LAC-INTAMY = - a5. e =
7848 bp I F§ss £% 5
= [T ] & -
L 1AVY |

[ PLAC4-PBIZ' |  INTAMY >|mm|||= apH1[  amds >

Figure 12 - Final cassettes used for yeast transformation.
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These four constructs were also sequenced to confirm its codon
sequence. The a-amylase gene was divided in fragments and inserted in an
appropriate vector for amplification and labeling with BigDye™ reagent. The
samples were purified, resuspended in 10 pL of Hi-Di formamide and denatured
at 95 °C for 5 min. Applied Biosystems 3130 Genetic Analyzer was used for
separation and detection of the labeled DNA fragments.

4.3.3 Yeast transformation and transformant screening

K. lactis CBS2359 cells were transformed by the lithium acetate method
described by ITO et al. (1983). After transformation cells were plated in YCB with
acetamide for selection of the transformed colonies able to grow with acetamide
as the only nitrogen source. The positive ones were isolated and had the
integration of the cassette checked by PCR.

For screening the cells based on their enzymatic activity on agar plates,
each positive transformant was resuspended in sterile medium to achieve the
same cell concentration and was plated on a YPLS medium (which contains 1%
soluble starch) and grown for 2 days at 30 °C. After incubation, these plates were
stained with an iodine solution (5 mM I, and 50 mM KI), which interacts with the
starch molecule giving a purple color. Those strains capable of secreting the a-
amylase may present a colorless halo around the colony, indicating enzymatic

activity.

4.4 FLASK CULTIVATION OF CELLS AND ENZYME PRODUCTION

4.4.1 Shake flask cultivation

The cells which presented amylolytic activity in the YPLS test were
selected and further tested in Erlenmeyer liquid cultivations. A pre-inoculum was
prepared by inoculating each yeast strain in a sterile vial containing 3 mL of YPL
that was incubated at 30 °C and 150 rpm overnight. On the following day, the
optical density of each vial was measured at 600 nm and they were used to
inoculate a 50 mL YPL broth in a 125 mL Erlenmeyer flask. The appropriate

volume of the pre-inoculum was used to achieve an initial optical density of 0.200
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in the Erlenmeyer flasks, which were then incubated at 30 °C and 150 rpm for 48
h. Cell cultivation was performed in duplicate and the following analysis of
biomass, sugar consumption, protein production and enzymatic activity were

performed in triplicate.

4.4.2 Determination of biomass production

Yeast growth was followed by measuring optical density at 600 nm and
dry cell mass determination. Samples from the culture supernatant were
appropriately diluted to achieve ODsoo lower than 0.600 and measured in a
spectrophotometer. For dry mass determination, a known volume of the culture
was filtered and the retained biomass was washed and dried until constant weight
for measurement in an analytical balance. After biomass determination samples
were centrifuged at 4000 xg for 10 min. The supernatant and the pellet were

separated for further analysis.

4.4.3 Determination of carbohydrates consumption and proteins

production

Reducing sugars in the supernatant were measured by the dinitrosalicylic
acid (DNS) assay (MILLER, 1959). Total sugars were measured by the phenol-
sulfuric acid method for microplate (MASUKO et al., 2005).

Protein quantification was carried out by the Bradford method (BURGESS
& DEUTSCHER, 2009). The protein content was measured in the supernatant
and in the lysed cells. To perform cell lysis, the pellet obtained after culture
centrifugation was resuspended in 100 mM pH 7 phosphate buffer and 5%
protease inhibitor cocktail (n® P8215, Sigma-Aldrich). Glass beads (425-600 pm)
were added and the mixture was vortexed for 5 periods of 1 minute, intercalating
between each period a 1 min incubation on ice. The cellular debris were
separated by centrifugation at 4000 xg for 10 min and this supernatant

corresponded to the intracellular fraction.

32



4.4.4 Enzymatic activity determination

The dextrinizing activity of the a-amylase was assayed by the starch-iodine
method. It was originally described by FUWA (1954) and has been adapted by
many authors. In the present work, the modified protocol from XIAO et al. (2006)
was used combined with the one from MANONMANI & KUNHI (1999). The
combination of both protocols was necessary because in initial trials a loss of
iodine color was observed due to interference of thiol-compounds, which are
present in peptones and yeast extracts (both used as substrates in the
experiments on this dissertation). The addition of copper sulfate and hydrogen
peroxide suggested by MANONMANI & KUNHI (1999) protects the starch-iodine
complex and prevents the loss of color in the presence of thiol-compounds.

One enzymatic unit (U) was defined as the amount of enzyme necessary
to hydrolyze 0.1 mg of soluble starch per minute at the reaction conditions (50 °C,
0.1 M phosphate buffer pH 7.0, 2% soluble starch).

It is difficult to compare results from different references because each
author may adopt different quantification methods, reaction conditions, and
enzymatic unit definition. Furthermore, the type of starch used in the assay and
its origin (maize, potato, cassava) may influence the results due to different

proportion of amylose and amylopectin.

4.45 Enzyme production with different carbon sources

One of the strains (K. lactis LAC-EXAMY 4) was selected to be cultivated
in different carbons sources to observe the protein induction. The growth media
YPX consisted on 10 g/L of yeast extract, 20 g/L of bacteriological peptone and
20 g/L of a selected carbon source (glucose, sucrose, starch, lactose or
galactose). The strain was cultivated in 200 mL of the media in a 500 mL
Erlenmeyer flask and incubated at 150 rpm and 30 °C. The inoculum was
standardized to achieve an initial ODs00=0.200. Samples were taken throughout
time until 70 h for measurement of: 1) biomass formation; 2) carbohydrate

consumption; 3) pH variation; 4) protein production; and 5) enzymatic activity.
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4.5 PARTIAL CHARACTERIZATION OF THE ENZYME

4.5.1 Determination of optimal pH and temperature

The supernatant of K. lactis LAC-EXAMY 4 and LAC-INTSIG 24 cultures
in YPL, and the cellular lysate of LAC-EXSIG 2 and LAC-INTAMY 1 containing
the produced a-amylases were also used to determine an optimal pH and
temperature range. It was done by a rotatable central composite design 22 with 4
axial points and 4 central points (Table 5). This analysis was employed because
it offers an adequate amount of information with the points tested. It also allows
to observe the interaction between pH and temperature variation at the same
time. This kind of information is important for process instrumentation and control,
making it possible to establish a range where pH and temperature can vary
without significant loss of activity (RODRIGUES & IEMMA, 2005).

The pH was adjusted in each experiment with the addition of glycine-HCI
0.1 M buffer for pH 2.75 and 4; phosphate 0.1 M buffer for pH 7; and glycine 0.1 M
buffer for pH 10 and 11.24.

Table 5 - Experimental design used in the determination of the optimal

temperature and pH.

Experiment Temperature pH
Level °C Level Value
1 -1 30 -1 4
2 -1 30 +1 10
3 +1 80 -1 4
4 +1 80 +1 10
5 -1.41421 19.6 0 7
6 +1.41421 90.4 0 7
7 0 55 -1.41421 2.75
8 0 55 +1.41421 11.24
9 (C) 0 55 0 7
10 (C) 0 55 0 7
11 (C) 0 55 0 7
12 (C) 0 55 0 7

(C): Central point
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4.6 STATISTICAL ANALYSIS
All the statistical data was analyzed by the software STATISTICA 10

(StatSoft, Inc.) according to the recommendations from CALADO &
MONTGOMERY (2003) and RODRIGUES & IEMMA (2005).
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5 RESULTS AND DISCUSSION

5.1 GENE AMPLIFICATION

The genomic DNA of Bacillus subtilis was extracted and used as template
for amplification with each of the designed primers. The gel electrophoresis of the
amplification products (Figure 13) corresponds to the expected fragment sizes,
with the constructs containing the native signal (EXSIG and INTSIG) having a
slightly higher molecular size than the others without it (EXAMY and INTAMY).
The expected sizes are: 2004 bp for EXSIG, 2003 bp for INTSIG, 1909 bp for
EXAMY, and 1907 bp for INTAMY.

1kb DNA
ladder

- 3054

EXSIG
INTSIG
EXAMY
INTAMY

- e L, un - 036
- 636

& 03

o5 517

Figure 13 - Agarose gel electrophoresis of B. subtilis genomic DNA amplification
with the designed primers EXSIG, INTSIG, EXAMY and INTAMY.

5.2 CASSETTE CONSTRUCTION

Each amplified fragment contains restrictions sites at both ends to permit
its insertion in a pKLAC2 vector. The PCR products and the pKLAC2 were
double-digested with Xhol-BamHI or Hindlll-BamHI and the digested DNA was
purified. The DNA fragments were ligated, transformed in competent E. coli and
the colonies capable of growing in selective media had their plasmidial DNA
extracted. To confirm the proper insertion of the amplified gene, the plasmids
were checked by digestion with different restriction enzymes. Figure 14 shows an

example of a restriction analysis of construct pKLAC-INTAMY. All the four genes
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were correctly inserted in a pKLAC2 vector and presented the expected fragment

sizes in agarose electrophoresis

KLAC-INTAMY 1kb DNA
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Figure 14 - Agarose electrophoresis of pKLAC-INTAMY digested with different

restriction enzymes to confirm the correct insertion of the gene.

5.3 GENE SEQUENCING

The confirmation of the constructs was also performed by DNA
sequencing. The sequences obtained after electrophoretograms analysis and
reading alignments are shown at Appendix 1. The DNA sequencing of the
constructs revealed that the EXAMY and EXSIG genes have the same sequence
as the amyE gene from Bacillus subtilis 011085 (GenBank: FJ643607.1).
However, the INTSIG gene presented two silent point mutations (without changes
in the amino acid sequence): one at position 165 (replacing an A for a G) and one
at position 450 (replacing a G for an A). The INTAMY gene exhibited a non-
synonymous point mutation at position 458, replacing an A for G. This resulted in
a change of the amino acid, replacing the uncharged polar asparagine (N) for an
uncharged polar serine (S). However, this mutation is not near the active site and
the (B/a)s barrel structure. These mutations might have occurred due to an error
of the Taq polymerase used during the initial amplification or during cloning steps

in E. coli. The protein sequence alignment is shown at Appendix 2.
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5.4 YEAST TRANSFORMATION

The pKLAC-EXAMY, pKLAC-INTAMY, pKLAC-EXSIG and pKLAC-
INTSIG vectors obtained were linearized with Sacll and used for Kluyveromyces
lactis transformation by the lithium acetate method. The transformed cells were
plated in YCB medium containing acetamide as the only nitrogen source and after
3 to 4 days incubation at 30°C the colonies started to appear. Those colonies
were isolated in a new YCB with acetamide and had their genomic DNA extracted
for confirmation of proper integration of the cassette. The extracted yeast DNA
was used as template on a PCR reaction with the designed primers on Table 4
and the product was run on agarose gel.

Many colonies appeared in YCB medium, but only some of them contained
the cassette properly integrated, presenting the expected fragment size on the
agarose gel. Figure 15 shows an example of the PCR results for K. lactis
transformants with LAC-INTSIG. As it can be seen, only colonies 25, 37 and 40
contain the INTSIG gene (2003 bp). As a negative control, genomic DNA of K.
lactis CBS2359 (denominated WT — wild type) was used.

'_
K. lactis =
LAC-INTSIG é’
5 1kb ONA
25 26 27 37 39 40 T e
=
e
- 23054
2036
- —— : 1636
ssss 1018

Figure 15 - Example of PCR performed with genomic DNA extracted from
transformed cells and primers INTSIG For and AMY Rev. Colonies 25, 26, 27,
37, 39, 40 are from transformed K. lactis LAC-INTSIG and K. lactis WT is the
negative control (strain CBS 2359).
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5.5 SCREENING OF TRANSFORMED CELLS

Some of the colonies on the PCR reaction were selected for a screening
based on the enzymatic activity. Each yeast liquid culture had its optical density
corrected to 0.200 and 5pL of this cell suspension was inoculated on an YPLS
plate. After 48h growth at 30°C, the plates were stained with iodine solution and
photographed. Clear zones around the colonies indicate the consumption of
starch and, therefore, the production of the enzyme. The K. lactis CBS2359 (WT)
was also inoculated as a negative control.

Based on the predicted protein configuration of the constructs (Figure 16),
it is expected that the LAC-EXSIG and LAC-EXAMY strains, which contain the o-
mating factor leader sequence recognizable by the yeast cell, would secrete the
a-amylase; while the LAC-INTSIG and LAC-INTAMY strains, which do not

possess the secretion leader, would retain the protein intracellularly.

LAC-INTAMY
LACINTSIG a-IVIF yeast leader
native bacterial signal
LAC-EXAMY Dmature protein

LAC-EXSIG

Figure 16 — Schematic representation of the expected proteins to be expressed

with each construct.

The K. lactis LAC-EXAMY cells presented clear halos around some
colonies after iodine staining, indicating the production of the enzyme (Figure 17
A). As expected, the WT strain used as a negative control did not present a halo.
Even though colonies 23A, 16 and 17 were able to grow in acetamide, they were
not positive on the PCR reaction. They also did not present a halo of enzymatic

activity on the agar plate assay.
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Figure 17 - YPLS plate after iodine staining with K. lactis cells transformed with:
(A) LAC-EXAMY, (B) LAC-INTAMY, (C) LAC-EXSIG, (D) LAC-INTSIG. K. lactis

WT was used as a negative control.

The K. lactis LAC-INTAMY transformants did not produce clear halos on
starch plates (Figure 17 B). As these cells are expected to produce and retain the
enzyme intracellularly, their enzymatic activity will only be confirmed on liquid
fermentation tests, when it is possible to execute a cell disruption.

On the other hand, the K. lactis LAC-EXSIG cells, which were supposed

to secrete the enzyme because they contain the a-mating factor leader, could not
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export the enzyme and none of the isolated colonies presented clear halos after
iodine staining (Figure 17 C). The presence of both the leader sequence and the
native signal peptide on this construct might be interfering with protein secretion
and proper processing.

Furthermore, the K. lactis LAC-INTSIG transformants (Figure 17 D), which
were supposed to keep the enzyme intracellular, were able to secrete the
enzyme. This indicates that these Kluyveromyces lactis cells are able to
recognize the bacterial signal peptide present at the B. subtilis a-amylase gene.

Signal sequences are usually recognized with low specificity in yeast
species. For that reason, foreign signals might also have the possibility of being
recognized and processed by the cell. Some foreign proteins have already been
successfully secreted by yeast using their own signal peptide or other foreign
signals (ROMANOS et al., 1992).

Nevertheless, it is preferred to use a yeast signal sequence because it is
difficult to predict if a particular foreign sequence will work. The most widely used
yeast signal peptides (also called presequences) are those from acid
phosphatase (PHO5) and invertase (SUC2). For some heterologous proteins, the
use of a signal peptide alone is sufficient to have good secretion of the product.
However, for others the signal peptides are not sufficient to secrete the
heterologous protein and they tend to accumulate in the endoplasmatic reticulum
or be degraded. In those cases it is necessary the addition of a pro sequence to
correctly direct the protein through the secretory pathway. Secretion leaders
(preprosequences) are responsible for this guidance through the secretory
machinery. The most used secretion leader is the prepro region of the a-mating
factor, which contains a signal peptide (19aa) that is initially cleaved at the
endoplasmatic reticulum and a prosequence which is processed by Kex2 and
STE13 proteases at late Golgi (CAREY, 1996).

The Kluyveromyces lactis cells have a very flexible secretion mechanism,
and usually the native signal of the heterologous protein is functional in driving
the polypeptide through the secretion pathway (MICOLONGHI et al., 2007).

STRASSER et al. (1989) used a Schwanniomyces occidentalis AMY1
promoter and secretion signal for heterologous production of a-amylase in

different yeast species, including K. lactis. The AMY1 native signal could be
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recognized by K. lactis cell and the gene product was readily secreted to the
broth.

BARTKEVICIUTE & SASNAUSKAS (2003) used an a-amylase gene from
Bacillus amyloliquefaciens as a marker gene for the screening of super secreting
mutants of K. lactis. The initial strain, which had not gone through mutation to
enhance secretion, was transformed with a construct containing the Bacillus own
promoter and signal. The amylase was not expressed sufficiently for halo
formation on starch agar plates. However, after random mutation with UV light,
some isolated mutants started to produce a-amylase with detectable halos.

The initial strain used in the present dissertation (K. lactis CBS2359) with
construct LAC-INTSIG could secrete the B. subtilis a-amylase with its own signal
sequence without going through any mutational procedure to enhance
production.

Other authors preferred to express the a-amylase without its original signal
peptide. TOKUNAGA et al. (1997) expressed a mouse a-amylase in K. lactis
without its own signal sequence, using instead a 128kDa killer precursor protein.
For the expression of a Rhizopus oryzae a-amylase in Kluyveromyces lactis, LI
et al. (2011a) constructed a vector containing the yeast a-mating factor leader
and only the coding sequence of the mature amylase. However, none of these
authors attempted to compare the production with or without the signal peptide.

In a different way, LI et al. (2011b) compared the production of a
recombinant Rhizopus oryzae a-amylase in Pichia pastoris with its native signal
sequence or with an a-mating factor leader followed by the mature protein
sequence. Like other yeast species, P. pastoris has a low-specificity requirement
for a signal sequence, and the native signal could correctly direct folding,
processing and secretion of the protein. Moreover, cells secreting with the native
signal had 10% higher productivity than cells with a-factor signal.

PAIFER et al. (1994) also compared the production with different signals.
They cloned and expressed a bacterial a-amylase gene in P. pastoris using two
integrative vectors with two different secretion signals: one vector contains the
structural gene encoding the mature a-amylase fused to the SUC2 signal and the
other contains the a-amylase with its own signal sequence. In both cases, the a-
amylases were secreted into the culture medium with high efficiency, around 2.5

and 0.9 g/l respectively.
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In relation to the a-amylase from Bacillus strains, their signal peptide, like
many other proteins secreted by this genus, is unusually long (approximately 31
aa) when compared to those signals typically found in eukaryotes, which are
around 20 aa long (RUOHONEN et al., 1987).

The B. amyloliquefaciens a-amylase gene with its own secretion signal
was transformed in a Saccharomyces cerevisiae strain by RUOHONEN et al.
(1987). The prokaryotic signal sequence could direct the protein to secretion and
the signal peptide was correctly cleaved.

Unlike what happened with construct LAC-EXSIG, where the native signal
interfered with protein secretion, KARAKAS et al. (2010) expressed a Bacillus
subtilis a-amylase in Pichia pastoris in a construct containing both the a-mating
factor leader and the a-amylase native signal. The protein was correctly secreted
to the broth (22mg/L) and presented visible halos on agar starch plates after

iodine staining.

5.6 SHAKE FLASK CULTIVATION

The initial shake flask cultivations were performed in Erlenmeyers flasks
containing 50 mL of YPL broth. At first the inoculum of each strain was prepared
in a 3mL vial containing YPL broth, which was incubated overnight at 30°C and
150rpm. On the following day, each flask had its optical density measured at
600nm and the right amount of inoculum was calculated to achieve an initial
ODeoo 0f 0.200 for all strains in the 50mL flasks with YPL. Each yeast culture was
incubated at 150 rpm and 30°C for 48h. Afterwards the cultures had their
biomass, protein content and enzymatic activity assayed. Tests were performed
with the same strains used in the agar plate screening: K. lactis LAC-EXSIG
(colonies 0,1, 2, 3,4,5,6,7, 8,9, 10, 15, 16), LAC-EXAMY (colonies 3A, 23A,
2,3,4,5,7,15, 16, 17, 18, 25, 29), LAC-INTSIG (colonies 1, 2, 3, 4,5, 6, 7, 8,
13, 14, 24, 25, 37, 40) and LAC-INTAMY (colonies 1, 2, 5, 16, 21, 22). Strain K.
lactis CBS 2359 was used as a negative control for enzymatic activity and was

denominated WT (wild type).
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5.6.1 Biomass production

After 48h cultivation in YPL broth all strains presented a similar biomass
concentration, with approximately 5 g/L of dry weight and ODeoo=14. Table 6
presents only the mean values of the selected strains of each transformant and
the wild type. Apparently the heterologous enzyme production did not interfere in
biomass formation, considering that the wild strain presented equivalent biomass

results as the transformants.

Table 6 - Mean results for biomass determination (ODeoo or dry weight £+ standard
deviation) of the transformants and WT strain.

Dry weight
OD600+SD (4/L)SD

LAC-EXAMY 13.06+0.677 4,910+0.254
LAC-EXSIG 14.16+0.710 5.546+0.278
LAC-INTAMY 13.74+0.855 5.341+0.332
LAC-INTSIG 13.12+0.615 5.141+0.241
WT 13.65+0.605 5.286+0.308

5.6.2 Protein content

After performing the biomass measurements, the fermented broth free of
cells was analyzed for extracellular protein content. The cell pellet was also
collected and those strains which were expected to produce the enzyme
intracellularly (LAC-INTAMY and LAC-INTSIG) were lysed and their intracellular
protein content measured. Figure 18 and Figure 19 show the protein content of
each transformant, the wild strain and of the initial YPL broth. Each bar represents
the mean value of a triplicate and the error bars represent +1 standard deviation.
The protein concentration of the intracellular extract is expressed in the graphics
as mg of protein per liter of broth and calculation was performed according to the

calculation report in Appendix 3.
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5.6.3 Enzymatic activity

The amylolytic activity can be determined by different methods, such as:
qguantifying the starch breakage (dextrinizing power), the increase in reducing
sugars (saccharifying power), the decrease in viscosity (liquefying power), or the
change in optical rotatory power. It is difficult to compare results from different
references because each author may adopt different quantification methods,
reaction conditions, and enzymatic unit definition. Furthermore, the type of starch
used in the assay and its origin (maize, potato, cassava) may influence the results
due to different proportion of amylose and amylopectin. As an example, the
enzymatic activity from the iodine method is circa 4-6 times higher than those
obtained by quantifying the reducing sugar. This happens because endo-acting
a-amylases reduce the concentration of starch polymers that are able to bind
iodine much more quickly than they produce reducing sugar ends (XIAO et al.,
2006). Therefore, care should be taken when comparing the enzymatic activity
from each referenced author.

The recombinant a-amylase was correctly secreted by some
transformants. The LAC-EXAMY strains presented a high enzymatic activity
(approximately 1200 U/L) and most transformants presented a similar activity
(Figure 20), except for strains 23A, 16 and 17, which presented no activity.
Transformant 4 was selected for shake flask cultivations because it presented a
high activity and the highest extracellular protein concentration.

In the liquid cultivation of LAC-EXSIG transformants it could be observed
and quantified a low extracellular activity (Figure 20), although they did not
present extracellular activity during the agar plate tests. This low enzymatic
activity might not have been sufficient to produce a visual observation of a clear
halo in the agar plates experiments. As stated before, the B. subtilis signal
peptide present in this construct might be interfering with protein secretion. This
interference in protein secretion can only be confirmed by performing further

analyses in other fields of study, such as transcriptomics and proteomics.
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Figure 20 - Enzymatic activity of the fermented extracellular broth of
transformants LAC-EXAMY and LAC-EXSIG, the WT strain and the non-

fermented YPL broth. Bars represent £1 standard deviation.

The LAC-INTSIG strains presented a high extracellular activity (Figure 21),
comparable to the levels achieved with the LAC-EXAMY transformants, even
though they did not have the preprosequence. As stated before, the K. lactis cells
are able to recognize the bacterial signal peptide and export the a-amylase to the
broth with high efficiency.

The isolated transformants containing the LAC-INTAMY construct
presented extremely low extracellular and intracellular activities (Figure 21). This
strain was intended to produce the intracellular enzyme, permitting the
comparison between the strains producing the enzyme intracellularly with those
producing extracellularly. The comparison of the results from these different
constructs was achieved by calculating the intracellular activity in terms of units
of enzyme per liter of fermented broth (calculation report presented in Appendix
3).
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Figure 21 - Enzymatic activity of the fermented extracellular broth and intracellular
extract of transformants LAC-INTSIG, the WT strain and the non-fermented YPL

broth. Bars represent +1 standard deviation.
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Figure 22 - Enzymatic activity of the fermented extracellular broth and intracellular
extract of transformants LAC-INTAMY, the WT strain and the non-fermented YPL

broth. Bars represent +1 standard deviation.

The yeast Kluyveromyces lactis has already been used for the production
of some recombinant a-amylases. One of the first reports is from STRASSER et
al. (1989), who produced a recombinant S. occidentalis a-amylase in K lactis.
They used a mineral medium (YNB) and achieved an enzymatic activity of
30.5 U/L. It has been observed in previous tests in our laboratory that the K. lactis
strain CBS2359 does not grow well and does not express the enzyme in a mineral
medium such as YNB (data not shown), therefore cultivations in mineral media
were not performed in this work.

TOKUNAGA et al. (1997) attempted to produce a mouse a-amylase in K.
lactis using a complex medium (similar to YPX) containing galactose as the
inducer, and obtained a maximum activity of 0.527 U/mL. LI et al. (2011a)
produced a R. oryzae a-amylase in K. lactis in the same medium and obtained

22.4 U/mL (approximately 20 mg/L of extracellular protein). LI et al. (2011b) also
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attempted to produce the same R. oryzae enzyme in another microorganism
(Pichia pastoris) and obtained 46.2 U/mL (41.1 mg/L of extracellular protein).

The B. subtilis a-amylase gene was used by KARAKAS et al. (2010) to
produce the enzyme in P. pastoris. They achieved 22 mg/L of extracellular protein
(44.34 U/mL of enzymatic activity) in a complex medium. MORAES et al. (1995)
also introduced a B. subtilis a-amylase in S. cerevisiae and produced 38 U/mL in
YNB medium.

In the present dissertation, the maximum enzymatic activity obtained by
the transformed cells in shake flasks (circa 1200 U/L) is far below the ones
reported in the literature. One of the reasons for this difference might be due to
the diversity of activity determination assays and unit definitions. Moreover, the
present work did not use a selected strain with good secretory capabilities, such
as the commercial strain GG799, or an engineered strain with lower protease
activity. Therefore, further improvements can be achieved with the isolated
transformants by improving its genetic characteristics and secretion capability
(decreasing protease levels and increasing folding-helper chaperones), and
adjusting its fermentation conditions (physicochemical parameters and

fermentation operation mode).

5.6.4 Enzyme production in different carbon sources

In order to observe the behavior of enzymatic expression in the presence
of different carbon sources, strain LAC-EXAMY 4 was cultivated in YPX medium
(where X stands for glucose, sucrose, starch, lactose or galactose). Samples
were taken periodically to analyze biomass, sugar, and protein concentration, as
well as pH variation and enzymatic activity.

Glucose, sucrose and lactose were quickly consumed by the cells, and
biomass rapidly increased in these cultures (Figure 23 and Figure 24). When
cultured in galactose as the only carbon source, the strain presented a slower
growth rate. Growth on glucose tends to be faster than growth on galactose
because the conversion of galactose into a glycolytic intermediate needs
additional energy and catabolic steps (known as the Leloir pathway). The

doubling time observed in the literature for K. lactis CBS2359 in YPX medium is
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78 min for lactose, 84 min for glucose and 108 min for galactose (RUBIO-
TEXEIRA, 2005).
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Figure 23 - Biomass production (ODseo) of K. lactis LAC-EXAMY 4 when grown

on glucose, sucrose, lactose or galactose as the only carbon source.
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Figure 24 - Carbon source consumption by K. lactis LAC-EXAMY 4 when grown
on glucose, sucrose, lactose or galactose as the only carbon source. Bars

represent £ 1 standard deviation.
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This transformant was also able to grow on starch as the only carbon
source. K. lactis cells do not naturally produce a-amylase, however, as will be
discussed subsequently, the expression of the recombinant protein is not totally
repressed and a basal expression (leakage) of the enzyme allows the cells to
break up the starch molecule and use it as the carbon source.

During carbon consumption it was observed in all cultures, except for
starch, a decrease in pH to values around 5.8 (Figure 25). Subsequently, the pH
increased until it reached approximately 7.5.
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Figure 25 - pH profile during K. lactis LAC-EXAMY 4 growth on glucose, sucrose,

lactose or galactose as the only carbon source.

Extracellular protein production was accompanied in all flasks by the
Bradford assay and enzymatic activity by the iodine-starch method. Both results
presented a similar profile (Figure 26 and Figure 27), with cultures containing
galactose and lactose producing more extracellular protein and presenting higher
enzymatic activity. Nevertheless, the cultures without induction also presented a
basal expression of the enzyme. The LAC4 promoter is induced in the presence
of galactose or lactose in the growth medium, but it is not totally repressed in the
absence of the inducers (VAN OOYEN et al.,, 2006). Glucose might repress
expression of the LAC regulon in some, but not all, K. lactis strains, but this
repression is less pronounced than it is observed in other species, such as S.
cerevisiae (RUBIO-TEXEIRA, 2005).

53



LI et al., (2011a) also attempted to cultivate a recombinant K. lactis in
different carbon sources. The galactose medium presented a high enzymatic
production due to its induction of the LAC4 promoter. However, their lactose
medium presented no induction at all, presenting only a basal expression similar
to other carbon sources (glucose, starch, maltose and glycerol). It was not
explained why this happened.

In the present work the lactose substrate could successfully induce
enzyme production, allowing its use as a carbon source in further studies
because it is cheaper than galactose and can be obtained from industrial waste
such as cheese way. Cheese way is the byproduct obtained during cheese
making, where 1 kg of cheese generates nearly 9 kg of whey. Annually 145 million
tons of liquid whey are produced, but only about 50% of it is treated and
transformed in other food products (SISO, 1996).
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Figure 26 - Protein production of K. lactis LAC-EXAMY 4 when grown on glucose,
sucrose, starch, lactose or galactose as the only carbon source. Bars represent

+ 1 standard deviation.
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Figure 27 - Enzyme production of K. lactis LAC-EXAMY 4 when grown on
glucose, sucrose, starch, lactose or galactose as the only carbon source. Bars

represent + 1 standard deviation.

Some kinetic parameters of each culture were summarized in Table 7. As
already seen on the graphics presented before, the glucose has the highest
maximum specific growth rate (0.3827 h-). Growth rates on sucrose and lactose
are also good, indicating that the strain could be cultured in substrates such as
sugar cane molasses (rich in sucrose) and cheese whey (rich in lactose). The
potential use of these low cost substrates stimulates its scale up and industrial
application. BARBA et al. (2001) cultivated K. lactis in cheese whey and
presented a specific growth rate (Umax) of 0.29-0.43 h't, which is in the same range
of those obtained here.

The biomass vyield (Yxs) was high, ranging between 0.38 and 0.73.
Crabtree positive yeasts usually have low biomass yield (0.1-0.2 g/g) because
they also produce some byproducts (mainly ethanol) (PORRO et al., 2005). As
K. lactis is a Crabtree negative yeast, with a prevalence of an oxidative
metabolism, the biomass yield obtained is higher (RUBIO-TEXEIRA, 2005).

Lactose and galactose had the highest product yield (127.35 and
145.39 U/g, respectively), which is five times greater than the yield without
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induction. When LI et al. (2011a) cultured the recombinant K. lactis in different
carbons sources, the induced enzymatic activity in galactose broth was only two

times higher than in those without induction.

Table 7 — Kinetic parameters and yield on different carbon sources after 70h

culture.

Glucose Sucrose Starch Lactose Galactose

Maximum Specific Growth 0.3827  0.3714  0.2784 0.3212 0.2564
Rate (Umax)?

Product Yield (Yps)® 24.52 25.33 35.63 127.35 145.39
Biomass Yield (Yxs)© 0.3802 0.3829  0.7267 0.4479 0.4714
Maximum Productivity (Rm)?  17.20 16.24 11.11 57.40 47.70
ah-l

b Units of enzyme per grams of carbon source

¢ grams of dry biomass per grams of carbon source

dU/L/h

In conclusion, the monitoring of fermentation in different carbon sources
permitted visualizing that even without the presence of an inducer the cells are
able to produce the a-amylase. However, the presence of lactose and galactose
greatly enhances product yield.

The versatility of substrates and the GRAS status of K. lactis cells and
some of their enzymes permits their use in various pharmaceutical and food
applications and stimulates the scale up of the process. Not only are natural K.
lactis enzymes considered GRAS (such as lactase), but also some recombinant
enzymes, such as the heterologous bovine prochymosin produced in industrial-
scale at DSM Food Specialties (VAN OOYEN et al., 2006).

It was observed that during fermentation the pH varies from 5.8 to 7.5.
Maybe the use of a buffered medium or the control of pH in a bioreactor might
affect protein production, increase enzyme stability, and inhibit the attack of
proteases.

It was also observed that the fermentation is limited by carbon after circa
10 h. The use of a fed-batch fermentation could improve both the biomass and
the product yield. Fed-batch is the most common fermentation strategy for
recombinant microorganisms because it allows obtaining at first a high biomass
concentration and then a high product formation during the induction phase
(PORRO et al., 2005).
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5.7 PARTIAL CHARACTERIZATION OF THE ENZYME

5.7.1 Determination of optimal pH and temperature

Cells of LAC-EXAMY 4 and LAC-INTSIG 24 were cultivated in YPL and
the fermented supernatant free of cells was used for enzymatic determination.
LAC-EXSIG 2 and LAC-INTAMY 1 were also cultivated in YPL, but in this case
the cells pellet was collected and lysed to obtain the intracellular enzyme. B
subtilis was cultivated in BAP broth and the fermented supernatant was used to
determine the optimal pH and temperature of the natural enzyme.

The extracts containing the enzymes had their activity assayed in different
conditions and response surfaces were fitted to data to obtain optimum values of
temperatures and pH. This analysis was employed because it permits to observe
the interaction between pH and temperature variation at the same time. This kind
of information is important for process instrumentation and control, making it
possible to establish a range where pH and temperature can vary without
significant loss of activity (RODRIGUES & IEMMA, 2005). The response surfaces
and contour plots obtained are presented in Figure 28 to Figure 32. The
enzymatic activity was plotted as a relative activity: the highest activity value
obtained was set as 100% and the other values were calculated based on this

assumption.
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Figure 28 - Response surface and contour plot of LAC-EXAMY 4 relative
enzymatic activity as function of pH and temperature.
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Figure 29 - Response surface and contour plot of LAC-EXSIG 2 relative
enzymatic activity as function of pH and temperature.

58



2 factors, 1 Block, 12 Runs; R?=0.984, R2,4jstes=0.971 Il 98.8037

' : I 80
Fitted Surface: —pd
. 40
iifﬁ::ﬁ — —573.1516 + 7.0443 X T — 0.0659 X T2 + 138.4204 X pH —
—9.5400 X pH? — 0.0484 X T X pH (Y
1
400 10
7 8
g
v %o o
7
: |
2w ;
£ ~~ 4 o

10 20 30 40 50 B0 70 80 90 100
Temperature (°C)

Figure 30 - Response surface and contour plot of LAC-INTAMY 1 relative
enzymatic activity as function of pH and temperature.
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Figure 31 - Response surface and contour plot of LAC-INTSIG 24 relative
enzymatic activity as function of pH and temperature.
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Figure 32 - Response surface and contour plot of B. subtilis a-amylase relative
enzymatic activity as function of pH and temperature.

As showed in Figure 29 and Figure 30, it was later observed in the
experiments with the intracellular extract of LAC-EXSIG and LAC-INTAMY that
the buffer used to adjust the pH was not strong enough to correct the pH value to
those presented in Table 5 of Materials and Methods. The (-1) point had a pH of
5.2 instead of 4.0; the (+1) point had a pH of 9.2 instead of 10.0; the (-1.41421)
point had a pH of 4.1 instead of 2.75; and the (+1.41421) point had a pH of 9.9
instead of 11.24.

Based on the obtained surface equations of each enzyme, the critical
points with highest activity were calculated and the values of optimal
temperatures and pH are summarized in Table 8. The optimal temperature for
the recombinant a-amylases was slightly lower than the one for the natural B.

subtilis a-amylase. In another way, the optimal pH of the recombinant enzymes
was somewhat higher.
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Table 8 — Estimated optimal temperature and pH for the a-amylases produced.

Optimal
Temperature (°C) Optimal pH
LAC-EXAMY 4 50.92 6.75
LAC- EXSIG 2 52.93 7.24
LAC-INTAMY 1 50.84 7.13
LAC-INTSIG 24 52.77 7.21
B. subtilis 55.14 6.43

This initial characterization of the enzyme is not ideal, because it uses the
crude extract of the fermented broth or the intracellular extract to measure the
enzymatic activity. To improve these results it is suggested that the enzymes are
purified in a future study and then retested for the optimal pH and temperature.
Also, the pH variation that occurred with the intracellular buffer in LAC-INTAMY
and LAC-EXSIG could have interfered in the estimated values of these two
experiments. It would also be interesting to perform a validation of the estimated
optimal points by performing a test in these optimal conditions and comparing to
the projected values.

The values reported in the literature for the optimal temperature and pH of
other a-amylases from Bacillus subtilis (Table 9) vary depending on the source.
However, they tend to fluctuate in a certain common range (the mean observed
temperature was 60 °C and the pH was 6.5).

Many of these authors used bacterial strains isolated from the
environment. These isolated strains might contain mutated forms of the amylolytic
enzyme, which could cause these differences in enzymatic properties.
Furthermore, in the case of the recombinant producers, differences in signal
peptide processing, gene construction (protein truncation of C-terminal) and post-

translational glycosylation might alter protein molecular size and activity.
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Table 9 - B.

subtilis a-amylase characteristics from different studies.

Producing Strain Gene Optimal Opti- Molecular Reference
strain isolated from Temperature  mal Weight
from (°C) pH (kDa)
B. subtilis soil - 65 6.0 60 MESSAOQOUD
USs116 et al., 2004
B. subtilis - - 65-70 6.0 46 MITSUIKI et
al., 2005
B. subtilis  canned - 55 6.5 - MITRICA &
sausages GRANUM,
1979 *
B. subtilis - - 60-65 6.8 55 YAMANE et
al., 1973 *
B. subtilis soil - 60-65 6.0 68 HAYASHIDA
65 etal., 1988 *
B. subtilis - - 70 8.0 - ASGHER et
JS-2004 al., 2007
B. subtilis soil - 55 6.0 139-149 NAJAFI et al.,
AX20 (78kDa ho- 2005
modimer)
Bacillus soil - 45.0 6.0 - ABDEL-NABY
subtilis 1 et al., 1998
B. subtilis - - 50 - - KARAKAS et
PY22 al., 2010
P. pastoris - B. subtilis 60 7.0 50-64 KARAKAS et
PY22 (degly- al., 2010
cosylated)
E. coli - B. subtilis 50 6.5 48 MARCO et al.,
(truncated 1996 **
gene)
B. subtilis - - 50 54- - SALVA &
Ba-04 6.4 MORAES,
1995 ***
B. subtilis  flour mill - 80 5.6 54.78 UGURU et al.,
waste 1998 ***

* Cited by SATYANARAYANA et al., 2006
** Cited by GUPTA et al., 2003
*** Cited by PANDEY et al., 2000

Another great difference observed among studies is the molecular size.

Usually multiple forms of bacterial a-amylases and fungal glucoamylases are
present in the culture supernatant free of cells. Specifically in B. subtilis, the a-
amylase may present different molecular sizes due to the action of proteases
which act at the C terminal of the protein and cause a truncation of 186aa
(MITSUIKI et al., 2005). Estimating the molecular size of the recombinant proteins
produced in this dissertation based on their nucleotide sequence, the predicted
non-glycosylated a-amylase should have around 72.39 kDa (with signal peptide)

or 68.89 kDa (mature protein).
Among these reviewed articles, the a-amylase most similar to the ones
presented in this work is the enzyme produced with B. subtilis PY22 by KARAKAS
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et al. (2010). It presented an optimal temperature of 50 °C and had a gene
sequence 99% identical to the sequence from strain 168 (which is also called
strain 011085, whose sequence is identical to the ones from EXAMY and EXSIG).
These researchers also cloned the B. subtilis PY22 amyE gene to produce the
enzyme in Pichia pastoris. This recombinant enzyme had optimal activity at 60
°C and pH 7.0 and presented a molecular weight of 50-64 kDa after

deglycosylation.
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6 CONCLUSIONS AND PERSPECTIVES

The present work achieved its main objective which was to produce a
Bacillus subtilis a-amylase in Kluyveromyces lactis. The vectors were correctly
constructed, except for INTAMY, which presented a non-synonymous point
mutation verified by sequencing. Yeast cells were successfully transformed and
positive colonies were detected by PCR and enzymatic activity on agar plates. At
this point it could be observed that the bacterial signal sequence was recognized
by the yeast cell and that the presence of both the leader sequence and the signal
sequence interfered with proper protein secretion. Shake flask cultivations were
also performed to see their performance in submerged fermentation. One of the
strains was also selected to be cultivated in different carbon sources. It presented
a faster growth in glucose (Umax=0.3827 ht), but also presented good growth in
sucrose and lactose, enabling its cultivation in substrates such as sugarcane
molasses and cheese whey. Higher enzyme production was achieved with
lactose (2207 U/L) and galactose (2552 U/L) as the carbon source. A basal
expression of approximately 438 U/L was observed even without induction. The
recombinant enzymes were partially characterized to determine their optimum pH
and temperature. They ranged between 50.84-52.93 °C and pH 6.75-7.24, which
are comparable to other B. subtilis a-amylases reported in the literature. In this
range of temperature the a-amylase would still not be suitable for ethanol
production, but it could be used in other industrial procedures such as food
processing and textile treatment.

The insights obtained in this project incite further investigations to continue

this work, which can be divided in three main branches:

Molecular Biology
- Perform a codon optimization of the a-amylase gene, altering rare codons
to better reflect the codon usage of K. lactis, thus, facilitating the
translational step and possibly enhancing expression.
- Do a protein design, changing amino acids to enhance protein activity and
stability.
- Investigate why the LAC-EXSIG strains could not secrete the enzyme by

performing proteomic and transcriptomic analysis. Also, proteomic and
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transcriptomic experiments might be useful to identify stressful conditions
suffered by the cells during fermentation.

The a-amylase signal sequence, as observed in the LAC-INTSIG
transformants, can be recognized by the yeast and used as a novel tool
for signaling heterologous protein secretion in K. lactis. Its usefulness can
be tested at first with a reporter gene, such as GFP or luciferase, and then
with another exogenous gene for the production of the desired
recombinant protein.

Engineer a K. lactis strain with reduced level of proteases and enhanced
number of chaperones, to confer a super-secreting phenotype.

Fermentation

Study a better broth composition for optimal growth and enzyme
production. Also, study the use of byproducts such as cheese way and
sugar cane molasses as substrate.

Scale-up fermentation to a bioreactor.

Optimize culture operation in a fed-batch mode with a two-step
fermentation: at first a growth phase to accumulate biomass and then and
induction phase for enzyme production.

Use other strains of K. lactis as host for enzyme production and even other
yeasts, such as Pichia pastoris and Saccharomyces cerevisiae.

Perform sequential fermentations reusing the same biomass. After an
induction phase, the fermented broth is separated from cells and they are

used again for another cycle of induction.

Biochemistry

Establish a series of purification steps to obtain the protein with the desired
purity for industrial application and for biochemical characterization.

Perform a better characterization of the enzyme, determining its molecular
weight (analyzing if occurs correct processing of signal peptide and if the
protein is glycosylated), temperature and pH stability (thus, determining
the best storage conditions), kinetic parameters (Km and vmax), calcium
lons dependency, inhibition by other molecules, among others properties.

Immobilization of the enzyme for re-utilization in subsequent cycles.
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8 APPENDIX

Appendix 1 — DNA sequence alignment

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
0%

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
0%

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
0%

EXSIG

INTSIG

INTAMY

EXAMY
100°%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%
Conservation
0%

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
0%

ATGTTTGCAA
ATGTTTGCAA

20
|

AACGATTCAA
AACGATTCAA

AACCTCTTTA
AACCTCTTTA

40
I

CTGCCGTTAT
CTGCCGTTAT

TCGCTGGATT
TCGCTGGATT

TTTATTGCTG
TTTATTGCTG

TTTCATTTGG
TTTCATTTGG

TTCTGGCAGG
TTCTGGCAGG

ACCGGCGGCT
ACCGGCGGCT

GCGAGTGCTG
GCGAGTGCTG

AAACGGCGAA
AAACGGCGAA
AAACGGCGAA
AAACGGCGAA

120
|

CAAATCGAAT
CAAATCGAAT
CAAATCGAAT
CAAATCGAAT

GAGCTTACAG
GAGCTTACAG
GAGCTTACAG
GAGCTTACAG

140
|

CACCGTCGAT
CACCGTCGAT
CACCGTCGAT
CACCGTCGAT

CAAAAGCGGA
CAAAAGCGGA
CAAAAGCGGA
CAAAAGCGGA

160
|

ACCATTCTTC
ACCATTCTTC
ACCATTCTTC
ACCATTCTTC

ATGCATGGAA
ATGCGTGGAA
ATGCATGGAA
ATGCATGGAA

180
|

TTGGTCGTTC
TTGGTCGTTC
TTGGTCGTTC
TTGGTCGTTC

AATACGTTAA
AATACGTTAA
AATACGTTAA
AATACGTTAA

200
I

AACACAATAT
AACACAATAT
AACACAATAT
AACACAATAT

GAAGGATATT
GAAGGATATT
GAAGGATATT
GAAGGATATT

220
|

CATGATGCAG
CATGATGCAG
CATGATGCAG
CATGATGCAG

GATATACAGC
GATATACAGC
GATATACAGC
GATATACAGC

240
I

CATTCAGACA
CATTCAGACA
CATTCAGACA
CATTCAGACA

TCTCCGATTA
TCTCCGATTA
TCTCCGATTA
TCTCCGATTA

260
|

ACCAAGTAAA
ACCAAGTAAA
ACCAAGTAAA
ACCAAGTAAA

GGAAGGGAAT
GGAAGGGAAT
GGAAGGGAAT
GGAAGGGAAT

280
|

CAAGGAGATA
CAAGGAGATA
CAAGGAGATA
CAAGGAGATA

AAAGCATGTC
AAAGCATGTC
AAAGCATGTC
AAAGCATGTC

300
I

GAACTGGTAC
GAACTGGTAC
GAACTGGTAC
GAACTGGTAC

TGGCTGTATC
TGGCTGTATC
TGGCTGTATC
TGGCTGTATC

320
|

AGCCGACATC
AGCCGACATC
AGCCGACATC
AGCCGACATC

GTATCAAATT
GTATCAAATT
GTATCAAATT
GTATCAAATT

340
I

GGCAACCGTT
GGCAACCGTT
GGCAACCGTT
GGCAACCGTT

ACTTAGGTAC
ACTTAGGTAC
ACTTAGGTAC
ACTTAGGTAC

360
|

TGAACAAGAA
TGAACAAGAA
TGAACAAGAA
TGAACAAGAA

TTTAAAGAAA
TTTAAAGAAA
TTTAAAGAAA
TTTAAAGAAA

380
|

TGTGTGCAGC
TGTGTGCAGC
TGTGTGCAGC
TGTGTGCAGC

CGCTGAAGAA
CGCTGAAGAA
CGCTGAAGAA
CGCTGAAGAA

400
|

TATGGCATAA
TATGGCATAA
TATGGCATAA
TATGGCATAA

50
50

100
100

150
150
54
51

200
200
104
101

250
250
154
151

300
300
204
201

350
350
254
251

400
400
304
301
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INTSIG
INTAMY
EXAMY
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Conservation

0%

EXSIG
INTSIG
INTAMY

EXAMY
100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

1008

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%
Conservation
0%

EXSIG
INTSIG
INTAMY

EXAMY
100%

Conservation
[

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
0%

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
0%

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
o

EXSIG

INTSIG

INTAMY

EXAMY

100%
Conservation

0%

AGGTCATTGT
AGGTCATTGT
AGGTCATTGT
AGGTCATTGT

420
|

TGACGCGGTC
TGACGCGGTC
TGACGCGGTC
TGACGCGGTC

ATCAATCATA
ATCAATCATA
ATCAATCATA
ATCAATCATA

440
I

CCACCAGTGA
CCACCAGTGA
CCACCAGTGA
CCACCAGTGA

TTATGCCGCG
TTATGCCGCA
TTATGCCGCG
TTATGCCGCG

460
|

ATTTCCAATG
ATTTCCAATG
ATTTCCAGTG
ATTTCCAATG

AGGTTAAGAG
AGGTTAAGAG
AGGTTAAGAG
AGGTTAAGAG

480
|

TATTCCAAAC
TATTCCAAAC
TATTCCAAAC
TATTCCAAAC

TGGACACATG
TGGACACATG
TGGACACATG
TGGACACATG

500
|

GAAACACACA
GAAACACACA
GAAACACACA
GAAACACACA

AATTAAAAAC
AATTAAAAAC
AATTAAAAAC
AATTAAAAAC

520
|

TGGTCTGATC
TGGTCTGATC
TGGTCTGATC
TGGTCTGATC

GATGGGATGT
GATGGGATGT
GATGGGATGT
GATGGGATGT

540
I

CACGCAGAAT
CACGCAGAAT
CACGCAGAAT
CACGCAGAAT

TCATTGCTCG
TCATTGCTCG
TCATTGCTCG
TCATTGCTCG

i

GGCTGTATGA
GGCTGTATGA
GGCTGTATGA
GGCTGTATGA

CTGGAATACA
CTGGAATACA
CTGGAATACA
CTGGAATACA

580
|

CAAAATACAC
CAAAATACAC
CAAAATACAC
CAAAATACAC

AAGTACAGTC
AAGTACAGTC
AAGTACAGTC
AAGTACAGTC

600
I

CTATCTGAAA
CTATCTGAAA
CTATCTGAAA
CTATCTGAAA

CGGTTCTTAG
CGGTTCTTAG
CGGTTCTTAG
CGGTTCTTAG

T

ACAGGGCATT
ACAGGGCATT
ACAGGGCATT
ACAGGGCATT

GAATGACGGG
GAATGACGGG
GAATGACGGG
GAATGACGGG

640
I

GCAGACGGTT
GCAGACGGTT
GCAGACGGTT
GCAGACGGTT

TTCGATTTGA
TTCGATTTGA
TTCGATTTGA
TTCGATTTGA

v

TGCCGCCAAA
TGCCGCCAAA
TGCCGCCAAA
TGCCGCCAAA

CATATAGAGC
CATATAGAGC
CATATAGAGC
CATATAGAGC

680
|

TTCCAGATGA
TTCCAGATGA
TTCCAGATGA
TTCCAGATGA

TGGCAGTTAC
TGGCAGTTAC
TGGCAGTTAC
TGGCAGTTAC

700
|

GGCAGTCAAT
GGCAGTCAAT
GGCAGTCAAT
GGCAGTCAAT

TTTGGCCGAA
TTTGGCCGAA
TTTGGCCGAA
TTTGGCCGAA

7|20

TATCACAAAT
TATCACAAAT
TATCACAAAT
TATCACAAAT

ACATCTGCAG
ACATCTGCAG
ACATCTGCAG
ACATCTGCAG

740
I

AGTTCCAATA
AGTTCCAATA
AGTTCCAATA
AGTTCCAATA

CGGAGAAATC
CGGAGAAATC
CGGAGAAATC
CGGAGAAATC

T

CTGCAGGATA
CTGCAGGATA
CTGCAGGATA
CTGCAGGATA

GTGCCTCCAG
GTGCCTCCAG
GTGCCTCCAG
GTGCCTCCAG

780
|

AGATGCTGCA
AGATGCTGCA
AGATGCTGCA
AGATGCTGCA

TATGCGAATT
TATGCGAATT
TATGCGAATT
TATGCGAATT

800
|

ATATGGATGT
ATATGGATGT
ATATGGATGT
ATATGGATGT

GACAGCGTCT
GACAGCGTCT
GACAGCGTCT
GACAGCGTCT

820
|

AACTATGGGC
AACTATGGGC
AACTATGGGC
AACTATGGGC

ATTCCATAAG
ATTCCATAAG
ATTCCATAAG
ATTCCATAAG

840
|

GTCCGCTTTA
GTCCGCTTTA
GTCCGCTTTA
GTCCGCTTTA

AAGAATCGTA
AAGAATCGTA
AAGAATCGTA
AAGAATCGTA

450
450
354
351

500
500
404
401

550
550
454
451

600
600
504
501

650
650
554
551

700
700
604
601

750
750
654
651

800
800
704
701

850
850
754
751
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EXSIG

INTSIG

INTAMY

EXAMY
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AGGTCATTGT
AGGTCATTGT
AGGTCATTGT
AGGTCATTGT

420
|

TGACGCGGTC
TGACGCGGTC
TGACGCGGTC
TGACGCGGTC

ATCAATCATA
ATCAATCATA
ATCAATCATA
ATCAATCATA

440
I

CCACCAGTGA
CCACCAGTGA
CCACCAGTGA
CCACCAGTGA

TTATGCCGCG
TTATGCCGCA
TTATGCCGCG
TTATGCCGCG

460
|

ATTTCCAATG
ATTTCCAATG
ATTTCCAGTG
ATTTCCAATG

AGGTTAAGAG
AGGTTAAGAG
AGGTTAAGAG
AGGTTAAGAG

480
|

TATTCCAAAC
TATTCCAAAC
TATTCCAAAC
TATTCCAAAC

TGGACACATG
TGGACACATG
TGGACACATG
TGGACACATG

500
|

GAAACACACA
GAAACACACA
GAAACACACA
GAAACACACA

AATTAAAAAC
AATTAAAAAC
AATTAAAAAC
AATTAAAAAC

520
|

TGGTCTGATC
TGGTCTGATC
TGGTCTGATC
TGGTCTGATC

GATGGGATGT
GATGGGATGT
GATGGGATGT
GATGGGATGT

540
I

CACGCAGAAT
CACGCAGAAT
CACGCAGAAT
CACGCAGAAT

TCATTGCTCG
TCATTGCTCG
TCATTGCTCG
TCATTGCTCG

i

GGCTGTATGA
GGCTGTATGA
GGCTGTATGA
GGCTGTATGA

CTGGAATACA
CTGGAATACA
CTGGAATACA
CTGGAATACA

580
|

CAAAATACAC
CAAAATACAC
CAAAATACAC
CAAAATACAC

AAGTACAGTC
AAGTACAGTC
AAGTACAGTC
AAGTACAGTC

600
I

CTATCTGAAA
CTATCTGAAA
CTATCTGAAA
CTATCTGAAA

CGGTTCTTAG
CGGTTCTTAG
CGGTTCTTAG
CGGTTCTTAG

T

ACAGGGCATT
ACAGGGCATT
ACAGGGCATT
ACAGGGCATT

GAATGACGGG
GAATGACGGG
GAATGACGGG
GAATGACGGG

640
I

GCAGACGGTT
GCAGACGGTT
GCAGACGGTT
GCAGACGGTT

TTCGATTTGA
TTCGATTTGA
TTCGATTTGA
TTCGATTTGA

v

TGCCGCCAAA
TGCCGCCAAA
TGCCGCCAAA
TGCCGCCAAA

CATATAGAGC
CATATAGAGC
CATATAGAGC
CATATAGAGC

680
|

TTCCAGATGA
TTCCAGATGA
TTCCAGATGA
TTCCAGATGA

TGGCAGTTAC
TGGCAGTTAC
TGGCAGTTAC
TGGCAGTTAC

700
|

GGCAGTCAAT
GGCAGTCAAT
GGCAGTCAAT
GGCAGTCAAT

TTTGGCCGAA
TTTGGCCGAA
TTTGGCCGAA
TTTGGCCGAA

7|20

TATCACAAAT
TATCACAAAT
TATCACAAAT
TATCACAAAT

ACATCTGCAG
ACATCTGCAG
ACATCTGCAG
ACATCTGCAG

740
I

AGTTCCAATA
AGTTCCAATA
AGTTCCAATA
AGTTCCAATA

CGGAGAAATC
CGGAGAAATC
CGGAGAAATC
CGGAGAAATC

T

CTGCAGGATA
CTGCAGGATA
CTGCAGGATA
CTGCAGGATA

GTGCCTCCAG
GTGCCTCCAG
GTGCCTCCAG
GTGCCTCCAG

780
|

AGATGCTGCA
AGATGCTGCA
AGATGCTGCA
AGATGCTGCA

TATGCGAATT
TATGCGAATT
TATGCGAATT
TATGCGAATT

800
|

ATATGGATGT
ATATGGATGT
ATATGGATGT
ATATGGATGT

GACAGCGTCT
GACAGCGTCT
GACAGCGTCT
GACAGCGTCT

820
|

AACTATGGGC
AACTATGGGC
AACTATGGGC
AACTATGGGC

ATTCCATAAG
ATTCCATAAG
ATTCCATAAG
ATTCCATAAG

840
|

GTCCGCTTTA
GTCCGCTTTA
GTCCGCTTTA
GTCCGCTTTA

AAGAATCGTA
AAGAATCGTA
AAGAATCGTA
AAGAATCGTA

450
450
354
351

500
500
404
401

550
550
454
451

600
600
504
501

650
650
554
551

700
700
604
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750
654
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800
800
704
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850
850
754
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0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
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EXSIG
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Conservation
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EXSIG
INTSIG
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100%

Conservation
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EXSIG
INTSIG
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100%
Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%
Conservation

0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

T

ATCTGGGCGT
ATCTGGGCGT
ATCTGGGCGT
ATCTGGGCGT

GTCGAATATC
GTCGAATATC
GTCGAATATC
GTCGAATATC

880
|

TCCCACTATG
TCCCACTATG
TCCCACTATG
TCCCACTATG

CATCTGATGT
CATCTGATGT
CATCTGATGT
CATCTGATGT

900
|

GTCTGCGGAC
GTCTGCGGAC
GTCTGCGGAC
GTCTGCGGAC

AAGCTAGTGA
AAGCTAGTGA
AAGCTAGTGA
AAGCTAGTGA

i

CATGGGTAGA
CATGGGTAGA
CATGGGTAGA
CATGGGTAGA

GTCGCATGAT
GTCGCATGAT
GTCGCATGAT
GTCGCATGAT

940
|

ACGTATGCCA
ACGTATGCCA
ACGTATGCCA
ACGTATGCCA

ATGATGATGA
ATGATGATGA
ATGATGATGA
ATGATGATGA

960
|

AGAGTCGACA
AGAGTCGACA
AGAGTCGACA
AGAGTCGACA

TGGATGAGCG
TGGATGAGCG
TGGATGAGCG
TGGATGAGCG

980
|

ATGATGATAT
ATGATGATAT
ATGATGATAT
ATGATGATAT

CCGTTTAGGC
CCGTTTAGGC
CCGTTTAGGC
CCGTTTAGGC

1.000
|

TGGGCGGTGA
TGGGCGGTGA
TGGGCGGTGA
TGGGCGGTGA

TAGCTTCTCG
TAGCTTCTCG
TAGCTTCTCG
TAGCTTCTCG

1.020

|
TTCAGGCAGT
TTCAGGCAGT
TTCAGGCAGT
TTCAGGCAGT

ACGCCTCTTT
ACGCCTCTTT
ACGCCTCTTT
ACGCCTCTTT

1.040
|

TCTTTTCCAG
TCTTTTCCAG
TCTTTTCCAG
TCTTTTCCAG

ACCTGAGGGA
ACCTGAGGGA
ACCTGAGGGA
ACCTGAGGGA

1.060
|

GGCGGAAATG
GGCGGAAATG
GGCGGAAATG
GGCGGAAATG

GTGTGAGGTT
GTGTGAGGTT
GTGTGAGGTT
GTGTGAGGTT

1.080
|

CCCGGGGAAA
CCCGGGGAAA
CCCGGGGAAA
CCCGGGGAAA

AGCCAAATAG
AGCCAAATAG
AGCCAAATAG
AGCCAAATAG

1.100
|

GCGATCGCGG
GCGATCGCGG
GCGATCGCGG
GCGATCGCGG

GAGTGCTTTA
GAGTGCTTTA
GAGTGCTTTA
GAGTGCTTTA

1.120

|
TTTGAAGATC
TTTGAAGATC
TTTGAAGATC
TTTGAAGATC

AGGCTATCAC
AGGCTATCAC
AGGCTATCAC
AGGCTATCAC

1.140

|
TGCGGTCAAT
TGCGGTCAAT
TGCGGTCAAT
TGCGGTCAAT

AGATTTCACA
AGATTTCACA
AGATTTCACA
AGATTTCACA

1.160
|

ATGTGATGGC
ATGTGATGGC
ATGTGATGGC
ATGTGATGGC

TGGACAGCCT
TGGACAGCCT
TGGACAGCCT
TGGACAGCCT

1.180
|

GAGGAACTCT
GAGGAACTCT
GAGGAACTCT
GAGGAACTCT

CGAACCCGAA
CGAACCCGAA
CGAACCCGAA
CGAACCCGAA

1.200
|

TGGAAACAAC
TGGAAACAAC
TGGAAACAAC
TGGAAACAAC

CAGATATTTA
CAGATATTTA
CAGATATTTA
CAGATATTTA

1.220

|
TGAATCAGCG
TGAATCAGCG
TGAATCAGCG
TGAATCAGCG

CGGCTCACAT
CGGCTCACAT
CGGCTCACAT
CGGCTCACAT

1.240
|

GGCGTTGTGC
GGCGTTGTGC
GGCGTTGTGC
GGCGTTGTGC

TGGCAAATGC
TGGCAAATGC
TGGCAAATGC
TGGCAAATGC

1.260
|

AGGTTCATCC
AGGTTCATCC
AGGTTCATCC
AGGTTCATCC

TCTGTCTCTA
TCTGTCTCTA
TCTGTCTCTA
TCTGTCTCTA

1.280
|

TCAATACGGC
TCAATACGGC
TCAATACGGC
TCAATACGGC

AACAAAATTG
AACAAAATTG
AACAAAATTG
AACAAAATTG

1.300
I

CCTGATGGCA
CCTGATGGCA
CCTGATGGCA
CCTGATGGCA

900
900
804
801

950
950
854
851

1000
1000
904
901

1050
1050
954
951

1100
1100
1004
1001

11580
1150
1054
1051

1200
1200
1104
1101

1250
1250
1154
1151

1300
1300
1204
1201
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EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%
Conservation

0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%
Conservation
0%

EXSIG
INTSIG
INTAMY

EXAMY
100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%
Conservation

0%

EXSIG

INTSIG

INTAMY

EXAMY
100%

Conservation
0%

GGTATGACAA
GGTATGACAA
GGTATGACAA
GGTATGACAA

1.320
|

TAAAGCTGGA
TAAAGCTGGA
TAAAGCTGGA
TAAAGCTGGA

GCGGGTTCAT
GCGGGTTCAT
GCGGGTTCAT
GCGGGTTCAT

1.340
I

TTCAAGTGAA
TTCAAGTGAA
TTCAAGTGAA
TTCAAGTGAA

CGATGGTAAA
CGATGGTAAA
CGATGGTAAA
CGATGGTAAA

1.360
|

CTGACAGGCA
CTGACAGGCA
CTGACAGGCA
CTGACAGGCA

CGATCAATGC
CGATCAATGC
CGATCAATGC
CGATCAATGC

1.380

|
CAGGTCTGTA
CAGGTCTGTA
CAGGTCTGTA
CAGGTCTGTA

GCTGTGCTTT
GCTGTGCTTT
GCTGTGCTTT
GCTGTGCTTT

1.400
|

ATCCTGATGA
ATCCTGATGA
ATCCTGATGA
ATCCTGATGA

TATTGCAAAA
TATTGCAAAA
TATTGCAAAA
TATTGCAAAA

1.420
|

GCGCCTCATG
GCGCCTCATG
GCGCCTCATG
GCGCCTCATG

TTTTCCTTGA
TTTTCCTTGA
TTTTCCTTGA
TTTTCCTTGA

1.440
|

GAATTACAAA
GAATTACAAA
GAATTACAAA
GAATTACAAA

ACAGGTGTAA
ACAGGTGTAA
ACAGGTGTAA
ACAGGTGTAA

1.480
|

CACATTCTTT
CACATTCTTT
CACATTCTTT
CACATTCTTT

CAATGATCAA
CAATGATCAA
CAATGATCAA
CAATGATCAA

1.480

|
CTGACGATTA
CTGACGATTA
CTGACGATTA
CTGACGATTA

CCTTGCGTGC
CCTTGCGTGC
CCTTGCGTGC
CCTTGCGTGC

1.500
|

AGATGCGAAT
AGATGCGAAT
AGATGCGAAT
AGATGCGAAT

ACAACAAAAG
ACAACAAAAG
ACAACAAAAG
ACAACAAAAG

1.520
|

CCGTTTATCA
CCGTTTATCA
CCGTTTATCA
CCGTTTATCA

AATCAATAAT
AATCAATAAT
AATCAATAAT
AATCAATAAT

1.540
|

GGACCAGAGA
GGACCAGAGA
GGACCAGAGA
GGACCAGAGA

CGGCGTTTAA
CGGCGTTTAA
CGGCGTTTAA
CGGCGTTTAA

1.560
|

GGATGGAGAT
GGATGGAGAT
GGATGGAGAT
GGATGGAGAT

CAATTCACAA
CAATTCACAA
CAATTCACAA
CAATTCACAA

1.580
|

TCGGAAAAGG
TCGGAAAAGG
TCGGAAAAGG
TCGGAAAAGG

AGATCCATTT
AGATCCATTT
AGATCCATTT
AGATCCATTT

1.600
|

GGCAAAACAT
GGCAAAACAT
GGCAAAACAT
GGCAAAACAT

ACACCATCAT
ACACCATCAT
ACACCATCAT
ACACCATCAT

1.620
|

GTTAAAAGGA
GTTAAAAGGA
GTTAAAAGGA
GTTAAAAGGA

ACGAACAGTG
ACGAACAGTG
ACGAACAGTG
ACGAACAGTG

1.640
|

ATGGTGTAAC
ATGGTGTAAC
ATGGTGTAAC
ATGGTGTAAC

GAGGACCGAG
GAGGACCGAG
GAGGACCGAG
GAGGACCGAG

1.660
|

AAATACAGTT
AAATACAGTT
AAATACAGTT
AAATACAGTT

TTGTTAAAAG
TTGTTAAAAG
TTGTTAAAAG
TTGTTAAAAG

1.680
|

AGATCCAGCG
AGATCCAGCG
AGATCCAGCG
AGATCCAGCG

TCGGCCAAAA
TCGGCCAAAA
TCGGCCAAAA
TCGGCCAAAA

1.700
I

CCATCGGCTA
CCATCGGCTA
CCATCGGCTA
CCATCGGCTA

TCAAAATCCG
TCAAAATCCG
TCAAAATCCG
TCAAAATCCG

1.720
|

AATCATTGGA
AATCATTGGA
AATCATTGGA
AATCATTGGA

GCCAGGTAAA
GCCAGGTAAA
GCCAGGTAAA
GCCAGGTAAA

1.740
|

TGCTTATATC
TGCTTATATC
TGCTTATATC
TGCTTATATC

TATAAACATG
TATAAACATG
TATAAACATG
TATAAACATG

1350
1350
1254
1251

1400
1400
1304
1301

1450
1450
1354
1351

1500
1500
1404
1401

1550
1550
1454
1451

1600
1600
1504
1501

1650
1650
1554
1551

1700
1700
1604
1601

1750
1750
1654
1651
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EXSIG
INTSIG
INTAMY
EXAMY
100%:

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

EXSIG
INTSIG
INTAMY

EXAMY
100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

EXSIG
INTSIG
INTAMY
EXAMY

100%

Conservation
0%

1.760
|

ATGGGAGCCG
ATGGGAGCCG
ATGGGAGCCG
ATGGGAGCCG

AGTAATTGAA
AGTAATTGAA
AGTAATTGAA
AGTAATTGAA

1.780
|

TTGACCGGAT
TTGACCGGAT
TTGACCGGAT
TTGACCGGAT

CTTGGCCTGG
CTTGGCCTGG
CTTGGCCTGG
CTTGGCCTGG

1.800
|

AAAACCAATG
AAAACCAATG
AAAACCAATG
AAAACCAATG

ACTAAAAATG
ACTAAAAATG
ACTAAAAATG
ACTAAAAATG

1.820
|

CAGACGGAAT
CAGACGGAAT
CAGACGGAAT
CAGACGGAAT

TTACACGCTG
TTACACGCTG
TTACACGCTG
TTACACGCTG

1.840

I
ACGCTGCCTG
ACGCTGCCTG
ACGCTGCCTG
ACGCTGCCTG

CGGACACGGA
CGGACACGGA
CGGACACGGA
CGGACACGGA

1.860
|

TACAACCAAC
TACAACCAAC
TACAACCAAC
TACAACCAAC

GCAAAAGTGA
GCAAAAGTGA
GCAAAAGTGA
GCAAAAGTGA

1.880
|

TTTTTAATAA
TTTTTAATAA
TTTTTAATAA
TTTTTAATAA

TGGCAGCGCC
TGGCAGCGCC
TGGCAGCGCC
TGGCAGCGCC

1.900
|

CAAGTGCCCG
CAAGTGCCCG
CAAGTGCCCG
CAAGTGCCCG

GTCAGAATCA
GTCAGAATCA
GTCAGAATCA
GTCAGAATCA

1.820
|

GCCTGGCTTT
GCCTGGCTTT
GCCTGGCTTT
GCCTGGCTTT

GATTACGTGC
GATTACGTGC
GATTACGTGC
GATTACGTGC

1.940

I
TAAATGGTTT
TAAATGGTTT
TAAATGGTTT
TAAATGGTTT

ATATAATGAC
ATATAATGAC
ATATAATGAC
ATATAATGAC

1.960
|

TCGGGCTTAA
TCGGGCTTAA
TCGGGCTTAA
TCGGGCTTAA

GCGGTTCTCT
GCGGTTCTCT
GCGGTTCTCT
GCGGTTCTCT

1.980
|

TCCCCATTGA
TCCCCATTGA
TCCCCATTGA
TCCCCATTGA

1980
1980
1884
1881

1800
1800
1704
1701

1850
1850
1754
1751

1900
1900
1804
1801

1950
1950
1854
1851

79



Appendix 2 — Protein sequence alignment, with alpha-mating factor signal for
EXSIG and EXAMY.

EXSIG
EXAMY
INTSIG
INTAMY

100%

Conservation
0%

EXSIG

EXAMY

INTSIG

INTAMY
100%

Conservation
0%

EXSIG
EXAMY
INTSIG
INTAMY

100%

Conservation
0%

EXSIG

EXAMY

INTSIG

INTAMY
100%

Conservation
%

EXSIG

EXAMY

INTSIG

INTAMY
100%

Conservation
0%

EXSIG

EXAMY

INTSIG

INTAMY
100%

Conservation
0%

EXSIG

EXAMY

INTSIG

INTAMY
100%

Conservation
0%

EXSIG
EXAMY
INTSIG

INTAM
100%

Conservation
0%

alpha-mating factor signal

MKFSTILAAS
MKFSTILAAS

20
|

TAL | SVVMAA
TAL | SVVMAA

PVSTETDIDD
PVSTETDIDD

40
I

LPISVPEEAL
LPISVPEEAL

a-amylase native signal

IGFIDLTGDE
IGFIDLTGDE

VSLLPVNNGT
VSLLPVNNGT

HTGILFLNTT
HTGILFLNTT

IAEAAFADKD
I AEAAFADKD

ANKSNELTAP
ANKSNELTAP
ANKSNELTAP
ANKSNELTAP

140

SIKSGTILHA
SIKSGTILHA
SIKSGTILHA
SIKSGTILHA

WNWS FNTLKH
WNWS FNTLKH
WNWS FNTLKH
WNWS FNTLKH

NMKD | HDAGY
NMKD | HDAGY
NMKD | HDAGY
NMKD | HDAGY

TAIQTSPINQ
TAIQTSPINQ
TAIQTSPINQ
TAIQTSPINQ

180
|

VKEGNQGDKS
VKEGNQGDKS
VKEGNQGDKS
VKEGNQGDKS

MSNWYWLY QP
MSNWYWLY QP
MSNWYWLY QP
MS NWYWLY QP

200
I

TSYQIGNRYL
TSYQIGNRYL
TSYQIGNRYL
TSYQIGNRYL

GTEQEFKEMC
GTEQEFKEMC
GTEQEFKEMC
GTEQEFKEMC

220
|

AAAEEYGI KV
AAAEEYGI KV
AAAEEYGI KV
AAAEEYGIKV

IVDAVINHTT
IVDAVINHTT
IVDAVINHTT
IVDAVINHTT

240
I

SDYAAISNEV
SDYAAISNEV
SDYAAISNEV
SDYAAISSEV

KS I PNWTHGN
KS I PNWTHGN
KS I PNWTHGN
KS I PNWTHGN

260
|

TQ | KNWS DRW
TQ | KNWS DRW
TQ | KNWSDRW
TQ | KNWS DRW

DVTQNSLLGL
DVTQNSLLGL
DVTQNSLLGL
DVTQNSLLGL

280
|

YDWNTQNTQV
YDWNTQNTQV
YDWNTQNTQV
YDWNTQNTQV

QSYLKRFLDR
QSYLKRFLDR
QSYLKRFLDR
QSYLKRFLDR

300
I

ALNDGADGFR
ALNDGADGFR
ALNDGADGFR
ALNDGADGFR

FDAAKHIELP
FDAAKHIELP
FDAAKHIELP
FDAAKHIELP

T

DDGSYGSQFW
DDGSYGSQFW
DDGSYGSQFW
DDGSYGSQFW

PNITNTSAEF
PNITNTSAEF
PNITNTSAEF
PNITNTSAEF

340
I

QYGE I LQDSA
QYGE ILQDSA
QYGE ILQDSA
QYGEILQDSA

SRDAAYANYM
SRDAAYANYM
SRDAAYANYM
SRDAAYANYM

it

DVTASNYGHS
DVTASNYGHS
DVTASNYGHS
DVTASNYGHS

I RSALKNRNL
I RSALKNRNL
I RSALKNRNL
I RSALKNRNL

W

GVSNISHYAS
GVSNISHYAS
GVSNISHYAS
GVSNISHYAS

DVSADKLVTW
DVSADKLVTW
DVSADKLVTW
DVSADKLVTW

-

VESHDTYAND
VESHDTYAND
VESHDTYAND
VESHDTYAND

50
50

100
85
15

150
117
65
33

200
167
115
83

250
217
165
133

300
267
215
183

350
317
265
233

400
367
315
283
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EXSIG
EXAMY
INTSIG
INTAMY

100%

Conservation

0%

EXSIG
EXAMY
INTSIG

INTAMY
100%

Conservation

0%

EXSIG
EXAMY
INTSIG
INTAMY

100%

Conservation

0%

EXSIG
EXAMY
INTSIG

INTAMY
100%

Conservation

o%

EXSIG
EXAMY
INTSIG

INTAMY
100%

Conservation

0%

EXSIG
EXAMY
INTSIG

INTAMY
100%

Conservation

0%

EXSIG
EXAMY
INTSIG
INTAMY

100%

Conservation

0%

DEESTWMSDD
DEESTWMSDD
DEESTWMSDD
DEESTWMSDD

420
|

DIRLGWAVIA
DI RLGWAV I A
DIRLGWAV IA
DI RLGWAV IA

SRSGSTPLFF
SRSGSTPLFF
SRSGSTPLFF
SRSGSTPLFF

440
I

SRPEGGGNGV
SRPEGGGNGV
SRPEGGGNGV
SRPEGGGNGV

RFPGKSQIGD
RFPGKSQIGD
RFPGKSQI GD
RFPGKSQIGD

£}

RGSALFEDQA
RGSALFEDQA
RGSALFEDQA
RGSALFEDQA

| TAVNRFHNV
I TAVNRFHNV
| TAVNRFHNV
| TAVNRFHNV

480
|

MAGQPEELSN
MAGQPEELSN
MAGQPEELSN
MAGQPEELSN

PNGNNQI FMN
PNGNNQI FMN
PNGNNQI FMN
PNGNNQI FMN

500
I

QRGSHGVVLA
QRGSHGVVLA
QRGSHGVVLA
QRGSHGVVLA

NAGSSSVSIN
NAGSSSVSIN
NAGSSSVSIN
NAGSSSVSIN

520
|

TATKLPDGRY
TATKLPDGRY
TATKLPDGRY
TATKLPDGRY

DNKAGAGSFQ
DNKAGAGSFQ
DNKAGAGSFQ
DNKAGAGSFQ

540
I

VNDGKLTGT I
VNDGKLTGTI
VNDGKLTGT I
VNDGKLTGT I

NARSVAVLYP
NARSVAVLYP
NARSVAVLYP
NARSVAVLYP

560
|

DD IAKAPHVF
DD IAKAPHVF
DD IAKAPHVF
DD IAKAPHVF

LENYKTGVTH
LENYKTGVTH
LENYKTGVTH
LENYKTGVTH

580
|

SFNDQLTITL
SFNDQLTITL
SFNDQLTITL
SFNDQLTITL

RADANTTKAV
RADANTTKAV
RADANTTKAV
RADANTTKAV

600
|

YQINNGPETA
YQINNGPETA
YQINNGPETA
YQINNGPETA

FKDGDQFTIG
FKDGDQFT IG
FKDGDQFTIG
FKDGDQFTIG

620
|

KGDPFGKTYT
KGDPFGKTYT
KGDPFGKTYT
KGDPFGKTYT

IMLKGTNSDG
IMLKGTNSDG
IMLKGTNSDG
IMLKGTNSDG

640
I

VTRTEKYSFV
VTRTEKYSFV
VTRTEKYSFV
VTRTEKYSFV

KRDPASAKT I
KRDPASAKT I
KRDPASAKT I
KRDPASAKT |

660
|

GYQNPNHWSQ
GYQNPNHWSQ
GYQNPNHWSQ
GYQNPNHWSQ

VNAY | YKHDG
VNAY I YKHDG
VNAY | YKHDG
VNAY | YKHDG

680
|

SRVIELTGSW
SRVIELTGSW
SRVIELTGSW
SRVIELTGSW

PGKPMTKNAD
PGKPMTKNAD
PGKPMTKNAD
PGKPMTKNAD

700
I

GIYTLTLPAD
GIYTLTLPAD
GIYTLTLPAD
GIYTLTLPAD

TDTTNAKVIF
TDTTNAKVIF
TDTTNAKVIF
TDTTNAKVIF

720
|

NNGSAQVPGQ
NNGSAQVPGQ
NNGSAQVPGQ
NNGSAQVPGQ

NQPGFDYVLN
NQPGFDYVLN
NQPGFDYVLN
NQPGFDYVLN

740
I

GLYNDSGLSG
GLYNDSGLSG
GLYNDSGLSG
GLYNDSGLSG

SLPH* 745
SLPH* 712
SLPH* 660
SLPH* 628

\

450
417
365
333

500
467
415
383

550
517
465
433

600
567
515
483

650
617
565
533

700
667
615
583
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Appendix 3 — Calculation report.

Intracellular protein concentration or intracellular enzymatic activity:

The intracellular protein concentration was obtained as described below.
The absorbance reading of the Bradford assay was used in the standard curve
to calculate a concentration in mg of protein per L of intracellular extract. This
result was multiplied by the dilution factor of the sample, the volume of
intracellular extract, the cell concentration in the broth (in g of cell per L of broth)
and divided by the amount of cells used for extraction (g of cell):

L intracell.) x —* g cells
Factor Extracted( ) gcells * Lbroth

Curve (mgprotein) Dilution Volume
Result

L intracell.

The enzymatic activity was obtained in a similar way. The absorbance
reading of the iodine assay was used to calculate the starch concentration based
on a standard curve and this value was used to calculate the enzymatic activity
in U per L of intracellular extract. One enzymatic unit (U) was defined as the
amount of enzyme necessary to hydrolyze 0.1 mg of soluble starch per minute at
the reaction conditions (50°C, 0.1M phosphate buffer pH 7.0, 2% soluble starch).

Therefore:

U - 0.1 mg of hydrolysed starch

1min

g _ {[StarChZOg/L] - [Sample]}(%) X VOlstarch(p-L)
L time (min) X Volggmpie (ML)

Where: [Starchzogt] is the absorbance of the tube without enzymatic reaction;
[Sample] is the starch concentration of the tube where the enzymatic reaction
occurs; Volsarch is the volume of starch solution used for reaction; time is the
amount of time the reaction occurred; and Volsample is the sample volume used in

reaction.
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This result was multiplied by the dilution factor of the sample, the volume
of intracellular extract, the cell concentration in the broth (in g of cell per L of

broth) and divided by the amount of cells used for extraction (g of cell):

. 1 g cells
L intracell.) X
Factor  Extracted ( ) gcells * Lbroth

Activity ( u ) % Dilution , Volume
Result

L intracell.
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