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Maltotriose fermentation by Saccharomyces cerevisiae'
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Maltotriose, the second most abundant sugar of brewer’s wort, is not fermented but is respired by several industrial
yeast strains. We have isolated a strain capable of growing on a medium containing maltotriose and the respiratory
inhibitor, antimycin A. This strain produced equivalent amounts of ethanol from 20 g I~' glucose, maltose, or
maltotriose. We performed a detailed analysis of the rates of active transport and intracellular hydrolysis of
maltotriose by this strain, and by a strain that does not ferment this sugar. The kinetics of sugar hydrolysis by both
strains was similar, and our results also indicated that yeast cells do not synthesize a maltotriose-specific a-
glucosidase. However, when considering active sugar transport, a different pattern was observed. The maltotriose-
fermenting strain showed the same rate of active maltose or maltotriose transport, while the strain that could not
ferment maltotriose showed a lower rate of maltotriose transport when compared with the rates of active maltose
transport. Thus, our results revealed that transport across the plasma membrane, and not intracellular hydrolysis, is
the rate-limiting step for the fermentation of maltotriose by these Saccharomyces cerevisiae cells. Journal of Industrial

Microbiology & Biotechnology (2001) 27, 34—38.
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Introduction

The most abundant fermentable sugars in brewer’s wort are maltose
(50-60%), maltotriose (15-20%), and glucose (10—15%).
Although maltotriose is the second most abundant sugar of
brewer’s wort, it has the lowest priority for uptake by yeast cells.
In general, only when half of the wort glucose has been taken up by
the yeast will the uptake of maltose and maltotriose commence,
with a slower uptake rate for maltotriose than for maltose [20,29].
This slower, and sometimes incomplete, uptake of maltotriose leads
to one of the problems experienced by some breweries, namely a
high content of fermentable sugars in the finished beer, and atypical
beer flavor profiles. The rate of uptake and metabolism of
maltotriose during wort fermentation is, therefore, one of the major
determinants of fermentation efficiency and product quality.
However, maltotriose metabolism has received little attention
compared with the mechanisms of maltose and glucose utilization
by industrial yeast cells [3].

Maltose utilization requires the presence of at least one of five
highly homologous and unlinked MAL loci: MALI through MAL4
and/or MAL6 [17]. Each locus contains at least one copy of three
separated genes encoding for maltose permease (MALxI, where x
stands for one of the five loci), maltase (MALx2), and a positive
regulatory protein (MALx3) that induces transcription of the two
previous genes in the presence of maltose. Maltose permease
transports maltose across the cell membrane, and subsequently, the
cytoplasmic maltase («-glucosidase) hydrolyzes maltose into two
units of glucose, which are then chanelled through the glycolytic
pathway.
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However, glucose is the preferred carbon source for Saccha-
romyces cerevisiae, and complex regulatory control circuits have
evolved to ensure that the expression of alternative sugar utilization
enzymes (including maltose permease and maltase) is repressed
when glucose is present in the growth medium [ 17]. This situation
is also observed during fermentation of industrial media, and it is
aggravated by the use of sugar adjuncts, like glucose, fructose, or
even sucrose [2,3]. The detailed molecular analysis of glucose
repression of MAL transcription has allowed the development of
strains with enhanced maltose fermentation by using either classical
yeast strain selection or genetic techniques [18,21], altering the
physiological condition of the cell [4,8], or by the use of
recombinant DNA techniques [10,11,19].

The majority of studies on maltotriose utilization by yeast cells
have dealt with the analysis of environmental factors that may
influence the uptake of this carbon source during brewing
fermentations [2,31,34]. Early studies on sugar utilization by yeast
cells revealed that maltose and maltotriose are transported across the
plasma membrane by different transport systems [22,29 ]. Although
maltotriose transport activity in yeast cells has been studied in a
number of industrial strains [ 7,16,33 ], the molecular identity of this
permease remained unknown until some years ago when a new
permease gene (AGTI) showing wider substrate specificity was
characterized [6]. The AGTI permease is an active H" symporter,
which can transport a series of «-glucosides, including maltose,
trehalose, melezitose, sucrose, a - methylglucoside, and maltotriose
[25-28]. In accordance with the importance of maltotriose
transport for the industrial applications of yeast, practically all
brewing strains harbor the AGT! permease [9 ]. This transporter has
a high affinity (K ,~8 mM) for trehalose and sucrose, and a lower
affinity (K ,~20 mM) for maltose and maltotriose [25,28].

We have recently shown that maltotriose is not fermented by any
of several industrial strains, but instead, this sugar is respired by the
cells [32]. Similar results have been observed with another «-
glucoside transported by the AGTI permease, the disaccharide



trehalose, which is also respired by yeasts [ 14]. In both cases, sugar
influx into glycolysis seemed to be the rate-limiting step for the
fermentation of the «-glucoside [ 14,32]. In order to gain insights
into the molecular basis of maltotriose utilization by yeast cells, we
have isolated a yeast strain able to ferment maltotriose, and
performed a detailed analysis of several biochemical parameters
that could be involved in maltotriose fermentation. Our results
indicate that active maltotriose transport across the plasma
membrane, and not intracellular hydrolysis, is the rate-limiting
step for fermentation of this sugar.

Materials and methods

Materials

Media components were purchased from Difco (Detroit, MI,
USA). Glucose, maltose, maltotriose (minimum 95% pure), p-
nitrophenyl - a.-D-glycopyranoside, phenylmethylsulfonyl fluo-
ride, glass beads, and antimycin A were obtained from Sigma
(St. Louis, MO, USA). Ampholine (pH 5.0—7.0 and pH 3.5-10.0)
and pl protein markers (pl 3.5-9.3) were purchased from
Amersham Pharmacia Biotech (Uppsala, Sweden), and 5-
bromo -4 -chloro -3 -indoyl - - D-glucopyranoside (X -a-gluco-
side) was from Calbiochem (San Diego, CA, USA). All other
chemicals were of analytical grade.

Strains and culture conditions

Two S. cerevisiae strains were used in this study. Strain 70 (kindly
provided by Dr. Anita D. Panek, Universidade Federal do Rio de
Janeiro, Brazil) was obtained originally from Labatt Brewing Co.
Ltd. (London, Ontario, Canada) and has been described elsewhere
[32]. Strain B0I was isolated from the slurry of a local ale brewing
company (see below). Both strains were grown in batch culture
(28°C and 160 rpm) on YEP medium (pH 5.0) containing, per
liter: Bacto peptone 20 g, yeast extract 10 g, and 20 g of the
indicated carbon source (glucose, maltose, or maltotriose). Solid
YPD medium also contained, per liter, 20 g of Bacto agar and, when
indicated, 3 mg of antimycin A. Growth was followed by turbidity
measurements at 570 nm and the amount of yeast was expressed as
dry weight (determined with cells filtered, washed with distilled
water, and dried at 80°C for 48 h). Cells were harvested (2500x g, 3
min) at the exponential phase of growth and washed twice with
ice-cold distilled water before use. Alternatively, culture samples

— +
Strain 70

Strain BO1

2 HH

Maltotriose fermentation by yeast
CR Zastrow et al

were centrifuged (5000 % g, 3 min) and the supernatant was used for
determination of ethanol and glycerol.

Glucose, ethanol, and glycerol determinations

Glucose was measured by the glucose oxidase and peroxidase method
using a commercial kit from Biobras (Montes Claros, Brazil).
Ethanol was determined in culture supernatants by gas chromatog-
raphy (CG Instrumentos Cientificos, Sdo Paulo, Brazil) with
a Poropak Q-80-100 column, a flame ionization detector, and a
computing integrator system. Glycerol was determined with a
commercial enzymatic assay based on glycerol kinase, glycerol-3 -
phosphate oxidase, and peroxidase ( Biobras, Montes Claros, Brazil ).

Cell-free extracts

Washed cells were suspended at 15 mg dry yeast ml~ ! in cold
buffer A (100 mM MOPS—NaOH pH 6.8) containing 1 mM
phenylmethylsulphony! fluoride, 20% (by volume) glycerol, and 1
mM EDTA. Cells were disrupted by vigorous shaking on a vortex
mixer in the presence of 1.5 g ml ™' glass beads (0.5 mm diameter)
for five 1-min periods at room temperature, each followed by a 1-
min interval where the tubes were kept on ice. The extracts were
centrifuged (10,000xg, 5 min) and the supernatant fluids were
used for total - glucosidase determination and isoelectric focusing
analysis.

a-Glucosidase assays

Total - glucosidase activity present in cell extracts was determined
by following the hydrolysis of 1 mM p-nitrophenyl-a-D-
glucopyranoside in buffer A at 30°C. The p-nitrophenol released
was determined at 400 nm (¢=7.28 mM ™' cm ™ '), and one unit of
a-glucosidase activity is defined as 1 pumol p-nitrophenyl-«-D-
glucopyranoside hydrolysed per minute. The «-glucosidase
activity toward maltose or maltotriose (at 0.5—100 mM) was
determined in sifu with permeabilized yeast cells as previously
described [24]. All assays were done at least in duplicate, and
controls using previously boiled permeabilized yeast cells or cell
extracts were used. Specific activity is expressed as nmol glucose
released from each substrate min ~' [mg dry yeast] ™.

Analytical scale isoelectric focusing
Isoelectric focusing gels were prepared and processed as described
elsewhere [23]. Electrophoresis was carried out in a vertical slab

Antimycin A:

-+ - 4+

Glucose

Maltose  Maltotriose

Figure 1 Growth on maltotriose is inhibited by antimycin A. Cells from strain 70 or B0! were inoculated onto YEP agar plates containing 2% of
the indicated carbon sources in the absence ( — ) or presence ( + ) of antimycin A, and incubated aerobically at 28°C for 3 days.
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gel apparatus at 4°C using 150 V for 1 h followed by 400 V for 12—
14 h at a constant current of 10 mA. After isoelectric focusing, the
proteins present in the gels were stained with Coomassie Blue R250
or, alternatively, the different « - glucosidase isoforms present in the
gel were stained with X-«-glucoside, which upon hydrolysis by
a-glucosidases produces an easily detectable blue dye [12]. The
activity toward maltose or maltotriose was detected in the gel by a
modification of a previously described method [ 5 ]. Briefly, the gel
was soaked in buffer A for 5 min and placed on top of two layers of
Whatman paper no. 1 soaked with the glucose oxidase and
peroxidase reagent used for glucose determination. A solution of
200 mM maltose or maltotriose in buffer A was spread over the gel
surface and incubated for 20—30 min at room temperature to allow
the enzymatic reagent to react with the glucose molecules liberated
during hydrolysis of the substrates.

Transport assays

The rates of active maltose- or maltotriose-H " symport were
assayed as previously described [25-27,32] using sugars at 0.2—
150 mM. All assays were carried out at least in duplicate, and the
maximum deviation of the pair of assays was less than 10%.
Transport activity is expressed as nmol glucose equivalents
transported min ~ ' [mg dry yeast] .

Results and discussion

Selection of a maltotriose-fermenting yeast strain
We have reported [32] that the respiratory inhibitor, antimycin A,
completely inhibited the growth of several wild-type and
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Figure 2 Batch growth and ethanol production by strain 70 (A and
C) or strain B0/ (B and D). Cells from each strain were inoculated on
YEP medium containing 2% of (@) glucose, (O) maltose, or (A)
maltotriose as carbon source.
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Figure 3 Characterization of yeast «a-glucosidases by isoelectric
focusing. Cell extracts, prepared from the indicated strains grown on
maltose (M) or maltotriose (Mt) and containing the same amount of
total - glucosidase activity, were subjected to isoelectric focusing. The
«-glucosidase isoforms present in the gel were stained with X-«-
glucoside as described in Materials and Methods. The arrows indicate
the isoforms that were able to hydrolyze both maltose and maltotriose.

industrial yeast strains on maltotriose, while growth on glucose
or maltose was not affected (see strain 70 in Figure 1). We used
the inhibition of growth by antimycin A to isolate under aerobic
incubation a yeast strain capable of fermenting maltotriose. Yeast
cells from a brewing slurry were streaked into 2% maltotriose
YEP agar plates containing antimycin A, and after 3 days,
selected colonies which had grown on the plates were further
purified. A colony showing vigorous growth on maltotriose plus
antimycin A (see strain B0OI in Figure 1) was further
characterized.

Figure 2 shows that while strain 70 is able to produce ethanol
from glucose or maltose, but not from maltotriose, strain B(0!
produced equivalent amounts of ethanol from all three sugars.
Similar results were obtained for glycerol production by both
strains (data not shown ). In order to gain insight into the molecular



basis of maltotriose fermentation by yeast cells, we analyzed the
differences in the rates of transport and hydrolysis of both maltose
and maltotriose by strain 70 and B0I.

Analysis of maltose and maltotriose hydrolysis

Yeast cells harbor several a-glucosidase isoforms. While some
isoforms are able to hydrolyze both maltose and maltotriose
[13,15,30], other isoforms are specific for «-methylglucoside
[ 15,23 ]. However, these a - glucosidase activities have always been
purified or characterized from maltose-grown cells, and it is not
known if maltotriose is able to induce the synthesis of an «-
glucosidase specific for this sugar. We have performed analytical
isoelectric focusing of yeast cell extracts obtained from both strains
grown on either maltose or maltotriose (Figure 3). Although both
strains had different patterns of «-glucosidase isoforms, the same
isoforms were expressed in maltose- or maltotriose-grown cells,
indicating that both sugars induced the synthesis of the same «-
glucosidases. Moreover, the same isoforms that were able to
hydrolyze maltose also hydrolyzed maltotriose (Figure 3). Thus,
our results indicate that there is no maltotriose-specific «-
glucosidase in these yeast strains.

Both strains showed a higher a-glucosidase activity towards
maltose in maltose-grown cells than the hydrolysis of maltotriose
by maltotriose-grown yeast cells (Figure 4), indicating that
maltose is a stronger inducer of the enzymes when compared with
maltotriose. However, since the kinetics of maltotriose (and
maltose) hydrolysis by both strains was very similar (Figure 4),
intracellular hydrolysis of maltotriose cannot be the rate-limiting
step for the fermentation of this sugar.

Analysis of maltose and maltotriose active transport

S. cerevisiae is a microorganism highly adapted for efficient
utilization of sugars. As a consequence, it generally expresses
several permeases, with different affinities for the substrate, which
ensure that sugars are taken up from the medium efficiently.
Maltose and maltotriose uptake by yeast cells is also mediated by
high- and low-affinity transport systems [1,18,33]. We thus
performed a detailed kinetic analysis of active maltose or
maltotriose uptake by both yeast strains grown on the respective
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Figure 4 Kinetics of - glucoside hydrolysis by strain 70 (A) or strain
BO0I (B). Maltose (@) or maltotriose (O) hydrolysis was determined in
situ with the indicated sugar concentrations in cells grown on maltose
or maltotriose, respectively.
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Figure 5 Kinetics of active «-glucoside transport by strain 70 (A) or
strain B0/ (B). Maltose (@) or maltotriose (A ) active transport was
determine with 0.2—150 mM substrate concentrations in cells grown
on maltose or maltotriose, respectively.

sugar substrate (Figure 5). Maltose uptake by strain 70 is mediated
by two transport activities with high (K ,~4 mM) and a lower
affinity (K,~20 mM) for the substrate, as already described for
several wild-type and industrial yeast strains [ 1,25]. In the case of
maltotriose uptake, a single low - affinity (K ,,~20 mM) transport
system was observed (Figure 5), probably mediated by the AGT]
permease.

Strain B0/ harbors only the lower-affinity (K,,~20 mM)
transport systems for maltotriose and maltose (Figure 5). However,
while strain BOJ had the same capacity (¥ pax~300 nmol min ~ !
mg~ ") for maltose or maltotriose transport, strain 70 had a
significant lower capacity to transport maltotriose (V p.x~180
nmol min~!' mg '), specially when compared with the V.
(~600 nmol min~' mg~") for maltose uptake by this strain.
Thus, the only metabolic parameter that could be correlated with the
capacity of a given strain to ferment maltotriose is the active
transport of the sugar across the plasma membrane.

Conclusions and further studies

The results reported indicate that maltotriose transport across the
plasma membrane is the major limiting step for the fermentation
of this sugar by these yeast cells. Attempts to improve maltose
fermentation efficiency in brewing and baking yeasts are
currently being undertaken and have revealed that the major
limiting factor in the fermentation rate is also the expression of
the maltose permease [10,11,19]. The maltotriose permease
encoded by the AGT! gene is therefore expected to have great
importance in the fermentation efficiency of industrial yeasts, and
the genetic manipulation of strains containing this permease
would be of major interest.

Acknowledgements

This work was supported by grants from FAPESP (96/1405-7),
FUNPESQUISA-UFSC, and CNPq (523429/95-9 and 462563/
00-6). C.H. received an undergraduate fellowship from CNPq. We
appreciate the invaluable discussions and collaboration with Dr. J.
Ninow (CTC-UFSC).

37



Maltotriose fermentation by yeast
CR Zastrow et al

References

1

1

1

1

1

—_—

Crumplen RM, JC Slaughter and GG Stewart. 1996. Characteristics of
maltose transporter activity in an ale and lager strain of the yeast
Saccharomyces cerevisiae. Lett Appl Microbiol 23: 448—452.

2 D’Amore T, I Russell and GG Stewart. 1989. The effects of

carbohydrate adjuncts on brewer’s wort fermentation by Saccharo-

myces uvarum (carlsbergensis). J Inst Brew 95: 333-336.

Ernandes JR, T D’Amore, I Russell and GG Stewart. 1992. Regulation

of glucose and maltose transport in strains of Saccharomyces. J Ind

Microbiol 9: 127—130.

4 Ernandes JR, JW Williams, I Russell and GG Stewart. 1993. Effect of

yeast adaptation to maltose utilization on sugar uptake during the

fermentation of brewer’s wort. J Inst Brew 99: 67—71.

Finlayson SD, PA Moore, JR Johnston and DR Berry. 1990. Two

staining methods for selectively detecting isomaltase and maltase

activity in electrophoresis gels. Anal Biochem 186: 233—235.

6 Han EK, F Cotty, C Sottas, H Jiang and CA Michels. 1995.

Characterization of AGT! encoding a general «-glucoside transporter

from Saccharomyces. Mol Microbiol 17: 1093—1107.

Harris G and CC Thompson. 1960. Uptake of nutrients by yeasts: II.

Maltotriose permease and the utilization of maltotriose by yeasts. J Inst

Brew 66: 293-297.

Hazell BW and PV Attfield. 1999. Enhancement of maltose utilization

by Saccharomyces cerevisiae in medium containing fermentable

hexoses. J Ind Microbiol Biotechnol 22: 627—632.

Jespersen L, LB Cesar, PG Meaden and M Jakobsen. 1999. Multiple

«-glucoside transporter genes in brewer’s yeast. Appl Environ

Microbiol 65: 450—456.

0 Klein CJL, L Olsson, B Ronnow, JD Mikkelsen and J Nielsen. 1997.

Glucose and maltose metabolism in MIGI-disrupted and MAL-

constitutive strains of Saccharomyces cerevisiae. Food Technol

Biotechnol 35: 287—-292.

Kodama Y, N Fukui, T Ashikari, Y Shibano, K Morioka- Fujimoto, Y

Hiraki and K Nakatani. 1995. Improvement of maltose fermentation

efficiency: constitutive expression of MAL genes in brewing yeasts. J

Am Soc Brew Chem 53: 24—29.

2 Kopetzki E, P Buckel and G Schumacher. 1989. Cloning and
characterization of baker’s yeast a-glucosidase: over-expression in a
yeast strain devoid of vacuolar proteinases. Yeast 5: 11-24.

3 Krakenaite RP and AA Glemzha. 1983. Some properties of two forms
of a-glucosidase from Saccharomyces cerevisiae: 11. Biokhimika 48:
62-68.

4 Malluta EF, P Decker and BU Stambuk. 2000. The Kluyver effect for
trehalose in Saccharomyces cerevisiae. J Basic Microbiol 40: 199—205.

5 Matsusaka K, S Chiba and T Shimomura. 1977. Purification and
substrate specificity of brewer’s yeast « - glucosidase. Agric Biol Chem
41: 1917-1923.

6 Michaljanicova D, J Hodan and A Kotyk. 1982. Maltotriose transport

and utilization in baker’s and brewer’s yeast. Folia Microbiol 27: 217~

221.

w

W

~

]

=}

—

17

19

20

2

—_

22

23

24

25

26

27

28

29

30

3

—_

32

33

34

Needleman R. 1991. Control of maltase synthesis in yeast. Mol
Microbiol 5: 2079—-2084.

Novak S, T D’Amore, I Russell and GG Stewart. 1990. Characteriza-
tion of sugar transport in 2-deoxy-D-glucose resistant mutants of
yeast. J Ind Microbiol 6: 149—156.

Osinga KA, ACHM Renniers, JW Welbergen, RH Roobol and W van
der Wilden. 1989. Maltose fermentation in Saccharomyces cerevisiae.
Yeast 5: S207—S212.

Patel GB and WM Ingledew. 1973. Trends in wort carbohydrate
utilization. Appl Microbiol 26: 349—353.

Randez F and P Sanz. 1994. Construction of industrial baker’s yeast
strains able to assimilate maltose under catabolite repression conditions.
Appl Microbiol Biotechnol 42: 581—586.

Russell I and GG Stewart. 1980. Transformation of maltotriose uptake
ability into a haploid strain of Saccharomyces spp. J Inst Brew 86: 55—
59.

Spielman LL and DB Mowshowitz. 1982. A specific stain for a-
glucosidases in isoelectric focusing gels. Anal Biochem 120: 66—70.
Stambuk BU. 1999. A simple experiment illustrating metabolic
regulation: induction versus repression of yeast «-glucosidase.
Biochem Educ 27: 177-180.

Stambuk BU and PS de Araujo. 2001. Kinetics of active «-glucoside
transport in Saccharomyces cerevisiae. FEMS Yeast Res 1: 73-78.
Stambuk BU, AD Panek, JH Crowe, LM Crowe and PS de Araujo.
1998. Expression of high - affinity trehalose-H " symport in Sacchar-
omyces cerevisiae. Biochim Biophys Acta 1379: 118—128.

Stambuk BU, MA da Silva, AD Panek and PS de Araujo. 1999. Active
a-glucoside transport in Saccharomyces cerevisiae. FEMS Microbiol
Lett 170: 105-110.

Stambuk BU, AS Batista and PS de Araujo. 2000. Kinetics of active
sucrose transport in Saccharomyces cerevisiae. J Biosci Bioeng 89:
212-214.

Stewart GG, J Erratt, I Garrison, T Goring and I Hancock. 1979.
Studies on the utilization of wort carbohydrates by brewer’s yeast
strains. Tech Q Master Brew Assoc Am 16: 1-7.

Tabata S, T Ide, Y Umemura and K Torii. 1984. Purification and
characterization of «-glucosidases produced by Saccharomyces
cerevisiae in response to three distinct maltose genes. Biochim Biophys
Acta 797: 231-238.

Visuri K and BH Kirsop. 1970. The influence of pH and of selected
cations on the fermentation of maltose and maltotriose. J Inst Brew 76:
362-366.

Zastrow CR, MA Mattos, C Hollatz and BU Stambuk. 2000.
Maltotriose metabolism by Saccharomyces cerevisiae. Biotechnol Lett
22: 455-459.

Zheng X, T D’Amore, I Russell and GG Stewart. 1994. Transport
kinetics of maltotriose in strains of Saccharomyces. J Ind Microbiol 13:
159-166.

Zheng X, T D’Amore, I Russell and GG Stewart. 1994. Factors
influencing maltotriose utilization during brewery wort fermentations. J
Am Soc Brew Chem 52: 41-47.



