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Abstract - Important biotechnological processes depend on the efficient fermentation by Saccharomyces
cerevisiae yeasts of starch hydrolysates rich in maltose and maltotriose. The rate-limiting step for
fermentation of these a-glucosides is the transport across the plasma membrane of the cells. In order to
contribute to a better understanding of maltose and maltotriose metabolism by S. cerevisiae, we analyzed the
expression of the main a -glucoside transporter genes in two different yeast strains grown on media with
glucose, maltose or maltotriose as carbon source. Although both yeast strains have higher a-glucoside
transport activity during growth on maltotriose, our results show similar expression levels of the analyzed
genes on either maltose or maltrotriose media. Thus, our results indicate that, although the transport capacity
of maltotriose grown cells is higher than that of maltose grown cells, maltotriose cannot be considered a better

inducer of a-glucoside transporter genes.
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INTRODUCTION

Humans have been using yeasts in different
biotechnological processes, such as baking and
brewing, for millennia. Saccharomyces cerevisiae is
considered to be the predominant agent in these
processes, although other close Saccharomyces species
(and hybrids among them) have also been isolated
from these industrial applications (Querol and Bond,
2009). Baking and brewing rely on the efficient
fermentation by yeasts of starch hydrolysates rich in
maltose and maltotriose. In the brewing industry, for
example, these two sugars are of special importance
since they are the predominant sugars in wort (gener-
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ally 50-60% is maltose and 15-20% is maltotriose),
followed by glucose (10-15%) and other minor car-
bohydrates (Willaert, 2001). Of these sugars, glucose
is preferentially and rapidly utilized by yeast cells,
but both process efficiency and product quality re-
quire the complete fermentation of all sugars,
including maltose and maltotriose. Although maltose
is easily fermented by the majority of yeast strains
after glucose exhaustion, maltotriose is not only
the least preferred sugar for uptake by these
Saccharomyces cells, but many yeasts will not use
this a-glucoside at all (Zheng et al., 1994; Yoon et
al., 2003; Duval et al., 2010). Slow and incomplete
yeast sugar fermentation represents a significant
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economic loss for these industries, and consequently
most strain development programs aim to select
yeasts with improved fermentation performance.

Utilization of maltose and maltotriose by yeast
cells initially requires their active transport across
the plasma membrane by H" symporters (Han et al.,
1995; Alves et al., 2007, 2008). In the cytoplasm,
these sugars are hydrolyzed by a-glucosidases
(maltases), releasing glucose molecules which will
be metabolized through glycolysis to ethanol
(Zastrow et al., 2001; Novak et al., 2004). Previous
genetic and biochemical studies focusing mainly on
the maltose fermentation system revealed a series of
five unlinked telomere-associated MAL loci: MALI
through MAL4 and MAL6. Each locus contains at
least one copy of three different genes encoding a
maltose permease (MALx1, where x stands for one of
the five MAL loci mentioned above) responsible for
the active uptake of the sugar, an intracellular
maltase or a-glucosidase (encoded by MALx2), and a
positive regulatory protein (encoded by MALx3) that
induces the transcription of the two previous genes in
the presence of maltose. In order to be able to
ferment maltose, a S. cerevisiae strain needs to have
only one copy of these three genes (Needleman,
1991; Novak et al., 2004). These genes present in the
different MAL loci show a high degree of sequence
and functional homology, but there may also be
extensive variability since these genes are telomeric
and several different alleles that determine distinct
phenotypes (i.e., MAL-inducible and MAL-constitu-
tive phenotypes) have been described previously.
The MALI locus is considered to be the progenitor
locus from which all other MAL loci were derived, as
all S. cerevisiae strains contain MALI sequences at
chromosome VII. This pattern holds true even for
many non-maltose-fermenting yeast strains, which
may harbor partially functional mallp (MALI3
malll mall2), mallg (mall3 MALI1 MALI2), or
mall® (mall3 malll MALI2) loci containing just a
functional regulator, just a maltose permease and
maltase genes, or just a maltase gene, respectively
(Naumov et al., 1994, Han et al., 1995). More re-
cently, two other highly homologous genes (MPH?2
and MPH3) were described as encoding for maltose
and maltotriose transporters. MPH2 and MPH3 are
closely related to the MALxI genes, and apparently
also induced by maltose (Day et al., 2002), although
their role in maltotriose uptake and fermentation has
been a matter of debate (Alves et al., 2008; Duval
etal., 2010).

Maltose transport into the cell is required for full
induction of MAL genes, and several reports have

shown that maltose uptake is also the rate-limiting
step for fermentation (Kodama et al., 1995; Wang
et al., 2002; Rautio and Londesborough, 2003). In
the presence of maltose, the MALx3 regulatory
protein binds to DNA at the promoter region
between MALx! and MALx2 genes (the so-called
UASwmaL sequence), inducing the transcription of the
MALx] transporter and MALx2 maltase genes present
at any MAL locus (Michels and Needleman, 1984;
Needleman et al., 1984; Kim and Michels, 1988;
Levine et al., 1992; Sirenko et al., 1995). In the case
of maltose, an increased flow of this sugar into the
cells and its subsequent accumulation in the cyto-
plasm can act as a signal to induce higher expression
of MAL genes and to allow fermentation of this
carbon source. Indeed, it was shown that both trans-
port activity and levels of intracellular maltose are
directly related to levels of induction of MAL genes
(Wang et al., 2002).

On the other hand, the presence of glucose can
repress the expression of MAL genes in two different
ways: (1) inhibiting the activation of the regulatory
protein MALx3 by maltose and (2) activating the
MIGI repressor, which prevents the transcription of
the three MAL genes by binding at their promoter
regions (Hu et al., 1995, 2000; Santangelo, 2006). In
addition to its role in regulating transcription of MAL
genes, glucose also exerts a strong control on the
fermentation of other carbon sources by promoting
the inactivation of their respective transport systems.
This catabolic inactivation involves the phosphoryla-
tion and ubiquitination of the transporters, followed
by their endocytosis and vacuolar degradation
(Riballo et al., 1995; Medintz et al., 1996).

Nevertheless, some yeast strains express their
MAL genes with no need of the induction by maltose.
This phenotype is found in the so-called MAL
constitutive (MALS) strains. The MAL® alleles are
usually the result of mutations on the genes that
encode the regulatory MALx3 protein. It is known
that, when maltose binds to MALx3, this regulatory
protein changes its structure and then is able to bind
at the UASyaL region of MAL genes. However, in
the case of constitutive MALx3 alleles, the mutations
promote a different structure of the protein, allowing
it to bind at the UASya; region even in the absence
of maltose (Wang and Needleman, 1996; Gibson et
al., 1997). In addition, MAL constitutive strains can
either be sensitive or insensitive to glucose repres-
sion (Charron and Michels, 1987; Gibson et al.,
1997; Higgins et al., 1999).

Regarding the utilization of maltotriose by
S. cerevisiae, little is known about its transport and
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regulation compared to the level of molecular detail
described for the maltose transporter in yeast cells.
Maltotriose is transported by a different transport
system from the well-characterized maltose transport
carried out through MALxI permeases. The AGTI
permease, which is able to transport not only malto-
triose, but also maltose, trehalose and sucrose (Han
et al., 1995; Stambuk et al., 1999; 2000; Stambuk
and de Aragjo, 2001; Zastrow et al., 2000; 2001;
Alves et al., 2007), is found in a mallg locus on
chromosome VII of S. cerevisiae. It is probably
regulated through the same regulatory mechanisms
as the others MAL genes, since it has an UASyaL
sequence at its promoter region (Han et al., 1995;
Alves et al., 2007), although it was recently shown
that some industrial yeast strains may have divergent
sequences at the promoter region of their AGTI
gene, which have been shown not to be induced by
maltose (Vidgren et al., 2011).

Some reports have recently suggested that the ex-
pression of a-glucoside transporters in yeasts is higher
in maltotriose-grown cells than in maltose-grown
cells (Dietvorst et al., 2005; Salema-oom et al., 2005;
Alves et al., 2007; 2008). Thus, due to the relevance
of maltose and maltotriose transport in yeasts for the
development of biotechnological processes that de-
pend on the efficient fermentation of starch hydro-
lysates, in the present study we have analyzed the
expression of the genes that encode maltose and mal-
totriose transporters in order to better understand the
uptake of these a-glucosides by S. cerevisiae cells.

MATERIALS AND METHODS
Yeast Strains and Growth Conditions

The S. cerevisiae strains used in the present study
are described in Table 1. Cells were routinely grown
on rich YP medium (1% yeast extract and 2%
peptone) supplemented with 2% of glucose, maltose
or maltotriose as the carbon source. The pH of each
medium was adjusted to 5.0 with HCIL. Cells were
grown aerobically at 28 °C with shaking (160 rpm)
in cotton-plugged Erlenmeyer flasks filled to 1/5 of
the volume with the medium. Cellular growth was
followed by turbidity measurements at 570 nm.

o-Glucosidase Assays

The a-glucosidase activity in yeast cells collected
at the exponential phase of growth was determined
in situ with permeabilized cells as described previ-
ously (Stambuk, 1999) using 100 mM maltose or
maltotriose in 100 mM MOPS (morpholinepropane-
sulfonic acid)-NaOH (pH 6.8) buffer. The glucose pro-
duced during maltose or maltotriose hydrolysis was
determined by the glucose oxidase and peroxidase
method using a commercial kit (BioDiagnostica-
Laborclin). All assays were done in triplicate, and
controls with previously boiled yeast cells were used.
All activities were expressed as nmol of glucose
produced by hydrolysis per milligram (dry weight)
of cells per minute.

Table 1: S. cerevisiae strains and oligonucleotides used in this study.

Yeast strains
and primers

Relevant genotype or description

Source or
reference

Yeast strains:

1403-7A

CEN.PK2-1C

Primers:

AGT1-1347F TGGTGGAATGGGTTTTGGTT
AGTI1-1397R CCACCGGCACCATTACTAGC
MALx1-1352F CTCATGGCGCTAAAATGGGT

MALx1-1403R AAGAACGCGACAACCATTAGAAG

MPH2-1615F ATCTGGGCTGTGGTTGACCTA
MPH2-1665R TTCCACGAAAGTCTTTCCGG
ACT1-904F GGTACCACCATGTTCCCAGG
ACTI-962R GCCAAAGCGGTGATTTCCTT

MATa mall3 AGTI MALI2 mal33 MAL31 MAL32 MAL4‘ gal3 gal4 trpl ura3 suc’
MATa mali3 AGTI MAL12 MAL2-8° SUC2 ura3-52 his34 1 leu2-3,112 trp1-289

Alves et al. (2008)
Alves et al. (2008)

IDT
IDT
IDT
IDT
IDT
IDT
IDT
IDT
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Transport Assays

Since yeast a-glucoside transporters are H'-sym-
porters with a known stoichiometry of one proton co-
transported with each sugar molecule (Serrano,
1977; Stambuk et al., 1996; 1998), the rates of active
H'-maltose or H'-maltotriose symport were deter-
mined as previously described (Stambuk and de
Araujo, 2001; Alves et al., 2008) using a PHM84
research pHmeter attached to a TT1 Servograph
(Radiometer, Copenhagen). Cells were suspended at
a cellular density of about 12-15 g (dry weight) L™ in
water, without any buffer, and placed in a conical
water-jacketed vessel in a total volume of 3 mL. The
suspension was mixed with a magnetic stirrer and the
temperature of the circulating water was regulated at
30 °C. The pH of the cellular suspension was adjusted
to 5.0 with HCI, and the initial rates of sugar-induced
proton uptake were calculated from the slope of the
initial (<10 s) part of the curve obtained on the re-
corder by subtracting the basal rate of proton uptake
observed before the addition of 0.3 to 100 mM of the
sugar. To calculate the rate of H' uptake, a calibra-
tion curve was obtained by addition of 50-100 nmol
of HCI to the cell suspension. Kinetic constants were
obtained as previously described (Stambuk et al.,
2000; Stambuk and de Araujo, 2001). Experimental
points are represented by the symbols used in the
figures while lines represent the best fit obtained for
the data set. All activities were expressed as nmol of
substrate transported per milligram (dry weight) of
cells per minute.

Quantitative RT-PCR (qRT-PCR)

Yeast cells were grown on rich media supple-
mented with 2% glucose, maltose or maltotriose,
collected, rapidly frozen in liquid nitrogen, and
stored at -80 °C. The total RNA was extracted with
TRIzol (Invitrogen), and 1 pg of extracted RNA was
treated with DNAse (Roche) and used for cDNA
synthesis with a Reverse Transcription System kit

(Promega). For real-time PCR, the KAPA SYBR
FAST gPCR kit was used with 20 ng of cDNA,
according to the manufacturer’s instructions. The
pairs of primers AGTI1-1347F and AGTI1-1397R;
MALx1-1352F and MALx1-1403R; MPH2-1615F
and MPH2-1665R, and ACT1-904F and ACT1-962R
(Table 1) were used to evaluate the expression of the
AGTI, MALx1, MPH2/MPH3 and ACTI genes, respec-
tively. The reaction was performed with a StepOnePlus
Real-Time PCR System (Applied Biosystem). A dis-
sociation curve was generated for each assay in order
to confirm the amplification of only one product. All
samples were tested in triplicate and the results
presented are means and standard deviation obtained
from two independent experiments. The expression
values represent a relative quantification obtained by
dividing the amount of mRNA from each analyzed
gene by the mRNA from the house-keeping gene ACT].

RESULTS AND DISCUSSION

The two yeast strains analyzed in the present
work (strains 1403-7A and CEN.PK2-1C) have
unrelated genetic backgrounds, but all are able to
grow on, consume and ferment both maltose and
maltotriose efficiently (Alves et al., 2008). These
strains have in their genomes not only the AGT/ and
MPH2/MPH3 genes, but also at least two copies of
MALx1 genes: MAL21 and MAL31 (both strains)
and, in the case of strain 1403-7A, also the MAL41
gene (Alves et al., 2008; Duval et al., 2010). The
results presented in Table 2 indicate that, in both
strains, the activity of a-glucoside transporters is
higher in maltotriose-grown cells than in maltose-
grown cells, as already described in the literature
(Dietvorst et al., 2005; Salema-oom et al., 2005;
Alves et al., 2007; 2008), while the o-glucosidase
activity is practically the same in cells of each strain
grown on either carbon source, except for
maltotriose hydrolysis by strain 1403-7A, which was
two-fold higher in maltose-grown cells.

Table 2: Maltose and maltotriose active transport and hydrolysis by yeast strains.

Yeast strains and carbon Transport” (nmol m ! [dry wt] min'l) of: Hydrolysis" (nmol mg’! [dry wt] min'l) of:
source: Maltose Maltotriose Maltose Maltotriose

1403-7A

maltose 25 3 518 151
maltotriose 52 7 639 75
CEN.PK2-1C

maltose 62 7 1083 495
maltotriose 104 10 1027 463

*Estimated by the rates of H'-cotransport by the yeast cells using 5 mM final sugar concentration.
Assays were carried out in triplicate, with standard errors of less than 15%.
"Determined with permeabilized yeast cells using 100 mM final sugar concentration. Assays
were carried out in triplicate, with standard errors of less than 10%
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Since an increase in transport activity could be
the consequence of a change in affinity of the trans-
porter(s) present in the plasma membrane (Smit et
al., 2007), we performed a kinetic analysis of the active
maltotriose-H" symport activity by these strains after
growth on maltose or maltotriose (Figure 1). These
two strains have a low affinity (K, 36 £ 2 mM)
maltotriose-H"  symport activity, and the only
difference between maltose-grown and maltotriose-
grown cells is the higher transport capacity of the
yeast cells grown in this last carbon source (Figure 1,
A and B).
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Figure 1: Kinetics of active maltotriose-H" symport
by yeast cells. Eadie-Hofstee plots of H" cotransport
during maltotriose uptake by maltose-grown (filled
symbols) or maltotriose-grown (open symbols) cells
of strain 1403-7A (A) or CEN.PK2-1C (B), determined
as described in Materials and Methods.

This relatively low affinity for maltotriose is a
known characteristic of the AGTI permease, indicat-
ing that this transporter is probably responsible for

Relative expression
—
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maltotriose uptake in both strains. In order to better
characterize the reason for these results, we quanti-
fied the expression of mRNA transcripts from the
MALx1, MPH2/MPH3 and AGTI genes through
quantitative RT-PCR (qRT-PCR). To this end, the
yeast strains were grown on rich media containing
2% glucose, maltose or maltotriose, and cells were
collected at the middle of the exponential phase of
growth for subsequent RNA extraction.

Figure 2 (parts A and B) shows that, when the
MAL-constitutive strains 1403-7A and CEN.PK2-1C
are metabolizing maltotriose, the expression levels of
the AGTI and MALx] genes are similar to the ones
observed in maltose growing cells, indicating that the
higher transport activity found in maltotriose-grow-
ing cells is not a consequence of higher induction of
MAL genes by this carbon source. Figure 2 also
shows that, while strain 1403-7A is not repressed by
glucose, strain CEN.PK2-1C was fully repressed by
this monosaccharide. Our results are in agreement
with previous characterization of the MALx3
regulators, which indicated that the MAL43° mutant
allele is insensitive to glucose repression (Charron
and Michels, 1987; Wang and Needleman, 1996),
while the constitutive MAL23-8 regulator present in
the CEN.PK2 strains is glucose repressible (Rodicio
and Zimmermann, 1984; Kopetzki et al., 1989). In
agreement with the above results, there was also no
difference in the expression levels of MPH2/MPH3
genes between maltose- and maltotriose-grown cells
(Figure 2C). It is interesting to note, however, that
although it has been suggested that these genes have
their expression induced by MALx3 regulators (Day
et al., 2002), our results showed no repression of
such genes by glucose, indicating that expression of
MPH2/MPH3 genes is probably not controlled
exactly like the MALx1 or AGTI genes.

T

CEN.PK2-1C 1403-7A CEN.PK2-1C

Figure 2: Relative expression of the AGTI and MALxI genes. After reaching the exponential growth phase on
rich media supplemented with glucose (white bars), maltose (grey bars) or maltotriose (black bars), the cells
were harvested for RNA extraction and relative quantification (in comparison to ACT/) of the AGTI (A), MALx1
(B) and MPH2/MPH3 (C) transcripts present in strain 1403-7A and CEN.PK2-1C, performed as described in

Materials and Methods.
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While the kinetic parameters of sugar transport
are a property of the transporter protein, the transport
capacity (V) depends upon how many transporters
are expressed and present (in an active form) in the
cell membrane. Unfortunately studies using a MAL®
strain with its AGTI permease tagged with green-
fluorescent-protein (GFP) were also inconclusive
regarding differences in the expression of the protein
by the cells grown on maltose or maltotriose (data
not shown). Probably other factors, including post-
translational regulation of the transporters (Hu et al.,
2000; Jiang et al., 2000; Gadura et al., 2006), or in
the case of active transporters, also the energetic
state of the cells (Guimardes and Londesborough,
2008; Guimaraes et al., 2008), can explain the differ-
ences in transport rates observed in these MAL® yeast
strains. Since both the repression and catabolic inac-
tivation of transporters is trigged not only by external
glucose, but also by glucose molecules generated
inside the cells due to high rates of maltose
hydrolysis (Hu et al., 1995; 2000; Gibson et al.,
1997; Jiang et al., 1997; 2000), our results of lack of
correlation between the expression of the genes and
the transport activity measured in the cells could also
be explained by the different rates of a-glucoside
hydrolysis by the yeast cells, where maltose hydroly-
sis is, at least, two-fold higher than maltotriose
hydrolysis (see Table 2 and Zastrow et al, 2000;
2001; Alves et al., 2007; 2008), thus generating
more glucose molecules during growth in maltose,
when compared with growth on maltotriose.
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