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BIOMASSA PARA O ETANOL 2G
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A levedura S. cerevisiae...

Xilose EtanolX
Leveduras fermentadoras de xilose (P. stipitis, C. shehatae)…

Xilose Etanol

Poucas são capazes de fermentar xilose em anaerobiose...

…não suportariam o ambiente industrial (estresses)!

Limitações na fermentação de xilose 
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Metabolismo da Xilose em S. cerevisiae
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Abstract Fuel ethanol production from plant
biomass hydrolysates by Saccharomyces cerevisiae
is of great economic and environmental signifi-
cance. This paper reviews the current status with
respect to alcoholic fermentation of the main
plant biomass-derived monosaccharides by this
yeast. Wild-type S. cerevisiae strains readily fer-
ment glucose, mannose and fructose via the
Embden–Meyerhof pathway of glycolysis, while
galactose is fermented via the Leloir pathway.
Construction of yeast strains that efficiently con-
vert other potentially fermentable substrates in
plant biomass hydrolysates into ethanol is a major
challenge in metabolic engineering. The most
abundant of these compounds is xylose. Recent
metabolic and evolutionary engineering studies
on S. cerevisiae strains that express a fungal xylose
isomerase have enabled the rapid and effi-
cient anaerobic fermentation of this pentose.

L-Arabinose fermentation, based on the expres-
sion of a prokaryotic pathway in S. cerevisiae, has
also been established, but needs further optimi-
zation before it can be considered for industrial
implementation. In addition to these already
investigated strategies, possible approaches for
metabolic engineering of galacturonic acid and
rhamnose fermentation by S. cerevisiae are dis-
cussed. An emerging and major challenge is to
achieve the rapid transition from proof-of-prin-
ciple experiments under ‘academic’ conditions
(synthetic media, single substrates or simple
substrate mixtures, absence of toxic inhibitors)
towards efficient conversion of complex industrial
substrate mixtures that contain synergistically
acting inhibitors.

Keywords Arabinose Æ Ethanol Æ Galacturonic
acid Æ Hydrolysate Æ Rhamnose Æ Xylose

Introduction

Industrial and societal developments in the 20th
century have to a large extent been shaped by
petrochemistry. The ever increasing rate of
exploration and exploitation of oil reserves has,
for a long time, secured an abundant and cheap
raw material for the production of bulk and fine
chemicals as well as transport fuels. At the
beginning of the 21st century, several factors are
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acceptor is required to reoxidise the NADH, like
acetoin (Scheffers 1966; Bruinenberg et al. 1983a)
or furfural (Wahlbom and Hahn-Hägerdal 2002).
If no such electron acceptor is available, the cell
cannot maintain redox balance and will not fer-
ment xylose under anaerobic conditions. A second
solution to this redox imbalance would be to con-
vert NADH into NADPH with a transhydrogen-
ase. However, no such enzymes have been
discovered in yeasts (Blank et al. 2005; Bruinen-
berg et al. 1983b) and introduction of a heterolo-
gous transhydrogenase in S. cerevisiae has
demonstrated that in vivo conditions favour
NADPH production (Nissen et al. 2001).

Why is it then that some yeasts such as Pichia
stipitis and Pachysolen tannophilus are able to
ferment xylose under anaerobic conditions? The
answer is in the properties of the xylose reductase
enzyme. In Table 3 the cofactor dependence of
xylose reductase activity in several yeast strains is
listed, thus revealing a clear correlation between
the ability of their XR to utilise both NADH and
NADPH and their ability to anaerobically

ferment xylose. This relationship was clearly
established for Pa. tannophilus and Pi. stipitis (see
Table 4, and Bruinenberg et al. 1984). The
inherent drawback of this dual specificity XR is
the production of xylitol. For every NADH that is
reoxidized by XR one xylitol is produced as by-
product. In Fig. 4 the theoretical yields of etha-
nol, xylitol and glycerol are given as a function of
the ratio of in vivo fluxes through NADPH- and
NADH-linked xylose reductase. The relations of
these yields are derived from the following
equations (Kuyper et al. 2004), assuming anaer-
obic conditions and formation of glycerol not
taking place at ratios lower than 1.

Ratio ¼ 0 : 6 xylose ! 10 ethanolþ 10 CO2

þ 10 ATP ð1Þ

Ratio ¼ 1 : 12 xylose ! 9 ethanolþ 12 CO2

þ 9 ATPþ 6 xylitol ð2Þ

Ratio ¼ 1 : 6 xyloseþ 3 ATP ! 3 ethanol

þ 6 glycerolþ 6 CO2 ð3Þ

Fig. 3 D-Xylose and L-arabinose catabolism in metaboli-
cally engineered S. cerevisiae strains. Underlined EC
numbers represent enzymes/steps present in ‘wild-type’
S. cerevisiae metabolism. The gene names corresponding
to the enzymes are given in parentheses in the legend of
this figure. 1.1.1.21, aldose/xylose reductase (GRE3/xyl1);
1.1.1.9, xylitol dehydrogenase (XYL2/xyl2); 2.7.1.17, xylu-

lokinase (XKS1/xyl3); 5.3.1.5, xylose isomerase (xylA);
1.1.1.12, arabinitol 4-dehydrogenase (lad1); 1.1.1.10, L-
xylulose reductase (lxr1); 5.3.1.4, L-arabinose isomerase
(araA); 2.7.1.16, L-ribulokinase (araB); 5.1.3.4, L-ribulose-
5-phosphate 4-epimerase (araD). G-3-P, glyceraldehyde-3-
phosphate; PPP, pentose phosphate pathway

Antonie van Leeuwenhoek (2006) 90:391–418 399

123



FERMENTAÇÃO
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PLANTAS INDUSTRIAIS PARA PRODUÇÃO DE ETANOL 2G
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