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Kurzfassung 

Die Aldopentose Xylose ist ein Bestandteil von Harthölzern, aber auch zahlreichen Süßgräsern und 

Getreidearten. Deshalb stellen land- und forstwirtschaftliche Abfallprodukte eine enorme Xylose-

Quelle sowie ein großes ökonomisches Potential für die Xylitolproduktion und die Produktion von 

Bioethanol dar. Mit steigender Nachfrage nach umweltfreundlicheren und wirtschaftlich 

preiswerteren Herstellungsverfahren von Xylitol und Ethanol aus Xylose wuchs das Interesse an 

deren biotechnologischer Herstellung mit Hilfe von Mikroorganismen. Die bevorzugten Xylose-

Verwerter darunter sind Hefen. Die Xylose wird mit Hilfe eines geeigneten Enzyms (Xylose 

Reduktase) zu Xylitol reduziert und ausgeschieden oder tritt nach einem weiteren Oxidationsschritt 

in den Pentosephosphatweg ein. Unter anaeroben Bedingungen wird der intermediär gebildete 

Metabolit Pyruvat zu Acetaldehyd decarboxyliert und danach zu Ethanol reduziert. Der Hefe 

Saccharomyces cerevisiae (S. cerevisiae) fehlen zwar die maßgebenden Enzyme für den Xylose Abbau, 

sie gilt aber als gesundheitlich unbedenklich, sehr tolerant gegenüber Inhibitoren und wird daher 

häufig in der Lebensmittelindustrie oder in der Verarbeitung von Lignocellulose-Hydrolysaten 

eingesetzt. 

 

Ziel des Projekts ist die Optimierung des biotechnologischen Prozesses zur Herstellung von Xylitol 

und Bioethanol aus Xylose. Die Bedeutung des Xylose-Transports in diesem Prozess wird untersucht 

in dem Xylose-spezifische Transportproteine in ausgewählte S. cerevisiae Stämme eingebracht 

werden, die in der Lage sind Xylose zu Xylitol bzw. Ethanol umzuwandeln. Stellt die Xylose-Aufnahme 

tatsächlich einen limitierenden Faktor in den Elternstämmen dar, könnte mit den entwickelten 

Stamm-Varianten eine enorme Produktivitätssteigerung erreicht werden. Eine gesteigerte 

Xylitolproduktionsrate durch einen gezielt veränderte S. cerevisiae Stamm ist ein großer Schritt in 

Richtung umweltfreundlicher Biosynthese von Xylitol/Bioethanol und legt den Grundstein für eine 

effiziente und nachhaltige Produktion im großindustriellen Maßstab. 

 

 

 

 

 

 

 



 

   

Abstract 

S. cerevisiae has been extensively studied with regards to its biotechnological application in the 

production of xylitol and ethanol from xylose, which is present in lignocellulosic hydrolysates. Besides 

several potential limitations in the recombinant xylose utilization pathways, substrate transport into 

the cell is suggested to be one of the major bottlenecks. S. cerevisiae sugar transporters take up 

hexoses, another component of lignocellulosic hydrolysates, by facilitated diffusion. Xylose is 

incorporated by the same transporters however, the pentose is shuttled at a much lower rate and 

with an affinity that is in many cases two orders of magnitude lower than that for glucose. A few 

proteins that are present in natively xylose converting microorganisms or S. cerevisiae transporters 

that were engineered for xylose uptake have been experimentally identified to show a preference of 

xylose transport over glucose transport. This property makes them interesting candidates for studies 

on microbial xylose uptake. The goal of this work was to determine and compare the effect of two 

selected transporters, Gal2_N376F and Xut1, in regard to xylose consumption and xylitol or ethanol 

production in recombinant S. cerevisiae. So far investigated glucose/xylose transporters were mostly 

characterized in yeast strains that lacked endogenous sugar-transporters. The current study aimed 

at a more applicable approach: providing information about the profitability of recombinant 

transporter expression in strains that possess their functional transporter system.  
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1 Introduction 

The aldopentose D-xylose (all sugar mentions refer to the D-enantiomer; the descriptor “D-” is 

omitted from now on) is one of the most abundant sugars in nature. It is the major building block of 

the hemicellulose fraction in lignified plants and accounts for up to 80% of the sugar content in 

hemicellulose [1]. Monomeric xylose is obtained from chemically [2] or biologically [3] processed 

hardwood hydrolysates using chipping, steam explosion or other mechanical methods in combination 

with acid pretreatment [4]. Its ubiquity and renewability make xylose an interesting raw material for 

the sustainable production of different chemicals or biofuels.  

 

A highly valuable bulk product that can be obtained from xylose is xylitol. Xylitol is a five-carbon sugar 

alcohol, found in various fruits and vegetables. However, its extraction from such sources is 

uneconomical because of the low quantities that are usually obtained. Xylitol equals the sweetness of 

sucrose, but has a lower energy value (2.4 kcal/g vs 4.0 kcal/g) [5]. In addition to its suitability for 

insulin-deficient patients it possesses anticariogenicity and remineralization properties [6]. Due to 

these beneficial effects xylitol has become a globally used sweetener which is often added to foods 

and personal care products. Industrially, xylitol is produced by catalytic hydrogenation of xylose in 

the presence of a Raney nickel catalyst [6] under high temperature (80-140°C) and pressure (< 50 

bar). Additionally, several expensive purification steps are required because only pure xylose can be 

used for chemical reduction [7, 8]. In contrast, xylitol production through microbial bioconversion of 

xylose-containing undetoxified lignocellulosic hydrolysates is possible [9, 10]. Not surprisingly, with 

increasing interest in environmentally friendly and economically more beneficial xylitol production 

methods, the biosynthesis of xylitol using microorganisms became more popular [8]. 

 

Another large field, that employs microorganisms for xylose utilization is the biofuel sector. The 

limited source of fossil energy and the dependence on crude oil as raw material for bulk and fine 

chemicals as well as transport fuels during the last decade created a predominant need for alternative 

energy sources [11]. Biofuel production from plant biomass hydrolysates is a promising alternative 

for sustainable energy supply and therefore of great economic and environmental significance. The 

economical production of second-generation bio-ethanol requires effective conversion of all the 

sugars in lignocellulosic raw material hydrolysates into ethanol [12]. The demands on the 

microorganisms that perform this biosynthesis are the ability of effective metabolization of 
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lignocellulosic biomass, strong tolerance against inhibitors that are present in the hydrolysates as 

well as against high concentrations of ethanol.  

 

Among the microorganisms employed for xylose utilization, yeasts are the preferred biocatalysts. The 

majority of yeasts and fungi convert xylose to xylulose in two steps. First, xylose is reduced by the 

NADH- or NADPH-dependent xylose reductase (XR). The resulting xylitol can be secreted or, in a 

second step, further oxidized to xylulose by an NAD+-dependent xylitol dehydrogenase (XDH) [8]. The 

product xylulose is further metabolized to xylulose-5-phosphate by xylulokinase (XKS). Xylulose-5-

phosphate subsequently enters the pentose phosphate pathway (PPP) where it is channeled into 

glycolytic intermediates such as glyceraldehyde-3-phosphate and fructose-6-phosphate. These 

intermediates are converted to pyruvate in the Emden-Meyerhof-Parnas pathway. Under anaerobic 

conditions, pyruvate is decarboxylated by pyruvate decarboxylase to acetaldehyde which is then 

reduced to ethanol by alcohol dehydrogenase [13].  

 

Yeasts have been extensively studied with regards to their biotechnological application in the 

production of xylitol and ethanol [10, 14–16]. While Candida spp. are natural xylose consumers, S. 

cerevisiae, the most commonly used yeast in industrial applications [17], lacks the xylose metabolic 

pathway [18]. Nevertheless, biotechnological long-term experiences with baker’s yeast, its GRAS 

(generally recognized as safe) status and strong tolerance against inhibitors present in lignocellulosic 

hydrolysates attracted researchers attention. Therefore, recombinant S. cerevisiae strains were 

constructed by the introduction of genes that are required for xylose utilization [16, 19–21]. However, 

strain engineering suffers from several bottlenecks: enzyme activities play a key role in the 

fermentation process [13, 14, 20], but also cofactor regeneration and availability are crucial factors. 

The opposite cofactor specificities of XR and XDH cause redox imbalances in the cell and have to be 

overcome in biocatalysts employed for ethanol production [20, 22].  

 

Another major limitation in xylose utilization can be the substrate uptake into the cell. It has been 

demonstrated or inferred in several cases that pentose transport accounts for significant pathway 

flux control [23, 24]. Transport is a bottleneck in xylose fermentation, at least at low concentrations, 

and certainly with improvements of intracellular xylose metabolism the impact of this limitation 

increases [24–26]. The degree to which transport controls xylose utilization depends on the flux in 

the downstream pathway which is in turn dependent on the strain background (fast or slow xylose 

catabolism) [27, 28]. Thus, one approach to increase the efficiency of S. cerevisiae-catalyzed 

conversion of xylose is to enhance its uptake by the yeast. 
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S. cerevisiae possesses monosaccharide transporters that operate by facilitated diffusion, an energy-

independent mechanism that catalyses the movement of a single solute molecule at a time down its 

concentration gradient, across a membrane. Other transporters, which usually operate only when the 

amount of sugar in the medium is scarce, are energy-consuming systems that are able to transport a 

solute against its concentration gradient, coupled to the simultaneous movement of (a) proton(s). The 

vast majority of S. cerevisiae sugar transporters takes up hexoses by facilitated diffusion [29, 30]. 

Xylose is transported by the same system but at a much lower rate and with an affinity that is in many 

cases two orders of magnitude lower than that for glucose [17, 31]. Given that pretreated and 

enzymatically processed cellulosic and hemicellulosic materials contain a mixture of several sugars 

including glucose, xylose, mannose, galactose, and arabinose, xylose uptake and utilization is 

impaired by the presence of the competing sugars and mainly prevented until glucose is consumed 

from the fermentation broth. Especially in xylitol production, where a co-substrate (preferably 

glucose) is needed for generation of maintenance energy, simultaneous consumption of glucose and 

pentoses is the major obstacle for efficient and fast xylose fermentation [25]. Additionally, when the 

substrate includes large initial concentrations of glucose, fermentation may result in inhibitory 

concentrations of produced ethanol before xylose uptake begins. Taken together, a xylose transporter 

that is not inhibited by glucose is a vital prerequisite for fermentation of substrates containing glucose 

and xylose [17, 25]. 

 

Several studies suggest that the expression of heterologous transporters can improve S. cerevisiae 

xylose fermentation characteristics [17, 25] and native pentose-utilizing microorganisms are 

considered to be good sources of such carriers [23, 29, 32]. Many heterologous hexose/pentose 

transporters have been expressed and studied in S. cerevisiae [28, 32–36]. Weierstall et al. identified 

three genes, called SUT1-3, encoding glucose transporters in the yeast Pichia stipitis (P. stipitis). Their 

kinetic characterization in S. cerevisiae revealed all of them to be specific for glucose (Km values of 

0.8 – 1.5 mM) and to be able to transport xylose, but with a very low affinity (Km values of 49 – 145 

mM) [37]. Leandro et al. discovered the high affinity xylose/glucose symporter Gxs1 and the low 

affinity xylose/glucose facilitator Gxf1 from Candida intermedia (Ci). It was observed that the 

overexpression of the Gxf1 transporter improved the fermentation performance in a recombinant S. 

cerevisiae strain and that the Vmax of xylose transport of Gxs1 (Vmax 6.5 ± 1.5 nmol/(min*mgCDW)) was 

one order of magnitude lower when compared with Gxf1 [31, 35]. In addition, Runquist et al. 

demonstrated that the heterologous expression of the Gxf1 transporter increased the overall xylose 

transport performance by 3.9-fold (Vmax 471 ± 10 nmol/(min*mgCDW)) compared to a control strain 

(Vmax 119 ± 17 nmol/(min*mgCDW)), whereas the expression of Sut1 transporter (Vmax 178 ± 16 
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nmol/(min*mgCDW)) only slightly improved the xylose utilization rate [27, 28]. The high differences 

of the Vmax values mentioned above are a matter of different methods of determination. Runquist et 

al. measured the overall cellular transport capacity of strains that expressed all the native 

transporters, whereas Leandro et al. used strains that lacked all native hexose transporters. The slight 

improvement of xylose utilization, when using a S. cerevisiae strain expressing Sut1 transporter, was 

also seen in the study of Katahira et al. Both the specific xylose consumption rate and specific ethanol 

productivity (0.23 gXyl/(gCDW*h) and 0.072 gETOH/(gCDW*h)) where higher in the initial phase compared 

to the control strain (0.20 gXyl/(gCDW*h) and 0.057 gETOH/(gCDW*h)), when a large amount of xylose was 

present [34]. S. cerevisiae strains overexpressing heterologous transporters from Arabidopsis 

thaliana (A. thaliana) AT5g59250 and At5g17919 also showed up to 2.5-fold enhanced xylose 

consumption compared to the control strain [31, 33]. Unfortunately, different strain backgrounds and 

experimental setups prevent direct comparison of several studies. Additionally to the investigations 

on heterologous hexose/pentose transporters, the endogenous hexose transporters Hxt1-17 and 

Gal2 of S. cerevisiae were characterized [25, 36, 38, 39]. Xylose uptake rates investigated by Hamacher 

et al. were highest for Hxt7 (48 nmol/(min*mgCDW)) and lowest for Hxt5 (11 nmol/(min*mgCDW)). 

Besides the determination of xylose uptake activities via [14C]-labeled xylose uptake assays, it was 

also investigated if the transporters confer growth to strains that lack the native hexose transporters. 

It was demonstrated that some native hexose transporters, Hxt4, Hxt5, Hxt7 and Gal2, were able to 

support growth on xylose (2%) [38]. The endogenous hexose transporters Hxt7 conferred growth 

with a rate of 0.09 ± 0.02 h-1 and Gal2 showed a growth rate (µ) of 0.112 ± 0.02 h-1 [36]. However, the 

low-affinity hexose transporters Hxt1, Hxt3 and also the very weakly expressed transporters Hxt8 

and Hxt17 were not able to transport xylose, at least not in amounts sufficient to support growth [38]. 

Furthermore, the heterologous transporters Gxf1 (µ 0.070 ± 0.003 h-1), Gxs1 (µ 0.049 ± 0.004 h-1), 

Xut1 (µ 0.050 ± 0.001 h-1) and Xut3 (µ 0.0570 ± 0.005 h-1) were also shown to confer growth on 20 

g/L xylose [36, 40, 41].  

 

From all the mentioned transporters only the Xut1 permease [17], showed a preference of xylose 

transport over glucose transport in S. cerevisiae, which makes it interesting for further studies. The 

Xut1 transporter of P. stipitis has been shown to have a 2-fold lower Km value for xylose (0.46 mM) 

than for glucose (0.91 mM), resulting in a significantly higher affinity for the pentose [17]. However, 

to date the pentose uptake capacity using heterologous transporters is still low. The main challenge 

remains the contradiction between the enhanced xylose specificity but still often very low efficiency 

of xylose transport, due to competitive inhibition of glucose [32]. Molecular modifications on 

heterologous or endogenous transporters altered their xylose transport performance, especially 
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when glucose was present. For example, an S. cerevisiae endogenous transporter mutant, the 

galactose permease Gal2_N376F [25], was found to increase xylose transport preference by 2.4-fold. 

The functional study results showed that glucose did not inhibit the transport of xylose by 

Gal2_N376F. The transporter had a high affinity for xylose along with a moderate transport velocity 

(Vmax 37.3 ± 1.3 nmol/(min*mgCDW)) [25, 32]. A summary of studied xylose transporters and the 

according kinetic data is given in Table 1. 

 

The goal of this study was the evaluation and comparison of two xylose transporters in regard to their 

effect on xylitol or ethanol production in recombinant S. cerevisiae. So far investigated glucose/xylose 

transporters were mostly characterized in yeast strains that lacked endogenous sugar-transporters 

[17, 25, 32, 36, 42]. The present work aimed at providing information about the suitability of 

recombinant transporter expression in strains that possess an intact native transporter system. From 

the variety of known representatives, the Gal2_N376F transporter was chosen because of its inability 

to take up glucose and its comparably low Km for xylose (91.4 ± 8.9 mM). The Xut1 transporter was 

chosen because of its lower Km value for xylose (0.46 ± 0.02 mM) than for glucose (0.91 ± 0.01 mM) 

and its high xylose uptake specificity (Vmax/Km = 252.2 min-1) (Table 1). The proteins were expressed 

in three differently engineered S. cerevisiae stains using high-copy plasmids. Biocatalysts were then 

subjected to batch conversions using commercially available xylose and, if required, different co-

substrates. Strains containing the Candida tenuis (Ct) XR only were evaluated based on xylose uptake 

rates, xylitol productivities, xylitol yields and co-substrate yields. The performance of the strain 

carrying a full xylose utilization pathway consisting of CtXR, Galactocandida mastotermitis (Gm) XDH 

and S. cerevisiae XKS1 was assessed by determining the xylose uptake rates as well as ethanol yields. 

Results were compared and the impact of the different transporters on xylose utilization properties 

of S. cerevisiae is discussed.  
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Table 1: Summary of kinetic data of hexose/pentose transport proteins studied in S. cerevisiae strains. Endogenous 
S. cerevisiae transporters are marked light grey; Dark gray marked transporters were chosen for this study 

 Km [mM] Vmax [nmol/(min*mgCDW] 
Specificity  

Vmax/ Km [min-1] 
 

Transporter Glucose Xylose Glucose Xylose Glucose Xylose Ref. 

PsSut1 1.5 ± 0.1 145 ± 1.0 45 ± 1.0 132 ± 1.0 30 0.9 [37] 

PsSut2 1.1 ± 0.1 49.0 ± 1.0 3.3 ± 0.1 28 ± 4.0 3.3 0.6 [37] 

PsSut3 0.8 ± 0.1 103 ± 3.0 3.7 ± 0.1 87 ± 2.0 4.6 0.8 [37] 

PsSut4 1.3 ± 0.1 16.6 ± 0.3 105 ± 4.2 122 ± 2.4 80.8 7.4 [17] 

CiGxf1 2.0 ± 0.6 48.7 ± 6.5 ̴ 163  ̴ 25  81.5 0.5 [17, 35] 

ScHxt1 (a) 107 ± 49 (b) 880 ± 6.5 (a) 50.9 ± 3.7 (b) 750 ± 94 0.5 0.8 
a [43] 

b [42] 

ScHxt2 (a) 2.9 ± 0.3 (b) 260 ± 130 (a) 15.6 ± 0.9 (b) 340 ± 10 5.4 1.3 
a [43] 

b [42] 

ScHxt3 (a) 107 ± 49 (b) 880 ± 6.5 (a) 50.9 ± 3.7 (b) 750 ± 94 0.5 0.8 
a [43] 

b [42] 

ScHxt4 (a) 6.2 ± 0.5 (b) 170 ± 120 (a) 12.0 ± 0.9 (b) 190 ± 23 1.9 1.1 
a [43] 

b [42] 

ScHxt7 0.5 ± 0.1 200.3 ± 13.2 26.0 ± 1.1 67.0 ± 2.0 52 0.3 [25] 

ScGal2 1.5 ± 0.2 225.6 ± 15.8 27.2 ± 0.9 93.1 ± 3.2 17.5 0.4 [25] 

ScGal2_ 

N376F 
n. d. 91.4 ± 8.9 b. d. 37.3 ± 1.3 - 0.4 [25] 

CiGxs1 
0.012 ± 

0.004 
0.4 ± 0.1 4.3 ± 0.33 6.5 ± 1.5 358.3 16.2 [35] 

PsXut1 0.91 ± 0.01 0.46 ± 0.02 80 ± 1.0 116 ± 5.8 87.91 252.2 [17] 

b. d. = below detection limit; n. d. = not determinable;  
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2 Materials and Methods 

2.1 Chemicals 

If not otherwise stated the chemicals and antibiotics used in this study were of analytical grade and 

purchased from Carl Roth (Karlsruhe, Germany). Primers, SD medium lacking uracil, ergosterol, 

antifoam 204, SS-carrier DNA, and PEG 3640 were from Sigma Aldrich (St. Louis, USA). Polymerases, 

restriction enzymes, T4 DNA Ligase and Fast Alkaline Phosphatase were from Thermo Scientific – Life 

Technologies (Waltham, USA).  

2.2 Cultivation media, buffers and solutions 

All media and buffers were prepared in ultra-pure, deionized water (ddH2O). All media were 

autoclaved at 121°C for 20 minutes. For the preparation of agar plates, the respective medium was 

supplemented with 15 g/L agar before sterilization.  

 

2.2.1 Escherichia coli media 

LB (Luria Bertani): 10 g/L peptone, 5 g/L yeast exctract, 10 g/L NaCl. If needed, 1000-fold concentrated 

antibiotic stock solutions were prepared, filter-sterilized, and added to the medium after autoclaving 

and cooling down to ~50°C to give final concentrations of 100 μg/mL ampicillin or 50 μg/mL 

kanamycin. 

SOC: 20 g/L peptone, 0.58 g/L NaCl, 5 g/L yeast extract, 0.18 g/L KCl, 2.46 g/L MgSO4, 3.81 g/L glucose 

monohydrate.  

 

2.2.2 Saccharomyces cerevisiae media 

YP: 10 g/L yeast extract and 20 g/L peptone.  

Synthetic drop-out (SD) medium: 1.7 g/L yeast nitrogen base lacking amino acids and (NH4)2SO4, 1.9 

g/L yeast SD medium lacking uracil.  

YPD: YP medium with 20 g/L glucose, which were added after autoclaving.  

SDD: SD medium with 20 g/L glucose, which were added after autoclaving.  
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SDE: SD medium with 9.2 g/L ethanol which were added after autoclaving. 

Mineral medium (M- medium): 5 g/L (NH4)2SO4, 0.5 g/L MgSO4.7H2O, 0.42 mg/L Tween-80, 10 mg/L 

ergosterol, 250 μL/L antifoam 204, trace elements and vitamins [44, 45] and 14.4 g/L K2HPO4. 

Ergosterol was used only for conversions with xylose.  

The pH of all S. cerevisiae media was set to 6.5 prior to sterilization. If needed, a 250-fold antibiotic 

stock solution was prepared, filter sterilized, and added to the media after autoclaving and cooling 

down to ~50°C to give a final concentration of 200 μg/mL geneticin-sulfat.  

 

2.2.3 Buffers and solutions 

100 mM PPB: 13.92 g/L K2HPO4 and 2.69 g/L KH2PO4, pH 7.5. The buffer was autoclaved before use.  

50x TAE: 242 g/L Tris, 57.1 g/L acetic acid, 18.6 g/L EDTA. 

MOPS Buffer (20X): NuPage® Thermo Sientific 

Coomassie staining solution: 2.5 g brilliant blue G250, 500 mL ethanol, 75 mL acetic acid set to an end 

volume of 1 L with ddH2O. 

Destaining solution: 75 mL acetic acid, 200 mL ethanol set to an end volume of 1 L with ddH2O. 

10x Tris Glycine Transfer Buffer: 140 g glycine, 30 g Tris dissolved in ddH2O and set to a final volume 

of 1 liter.  

1x Tris Glycine Transfer Buffer: 100 mL of 10x Tris Glycine Transfer Buffer mixed with 200 mL of 

methanol and 700 mL of ddH2O. 

1x PBS: 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.8 mM KH2PO4, pH 7.4. 

Blocking Solution: 3% Bovine Serum Albumine, 0.5% TWEEN20® dissolved in 1x PBS 

PBST: 0.1% v/v TWEEN20® dissolved in 1x PBS 

SS-carrier DNA: Deoxyribonucleic acid, single stranded from salmon testes [10 mg/mL] was diluted 

with sterile ddH2O to a final concentration of 2 mg/mL. 

Polyethylene glycol (PEG) 3640 50% (w/v): 5 g PEG 3640 were carefully dissolved in ddH2O and set to 

an end-volume of 10 mL. The solution was sterile-filtered.  

Lithium acetate 1 M: 2.64 g lithium acetate were dissolved in 35 mL ddH2O and set to an end-volume 

of 40 mL. The pH was adjusted to 7.5 with acetic acid.  
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2.3 Strains, plasmids and genes  

2.3.1 Used strains  

E. coli TOP10 and E. coli DH5α were used as bacterial hosts for sub-cloning. The parental yeast strains 

used in this study were S. cerevisiae CEN.PK 113-7D (MATa MAL2-8c SUC2) (termed S. c. wild-type) 

and S. cerevisiae CEN.PK 113-5D (S. cerevisiae CEN.PK 113-7D-URA; MATa MAL2-8c SIC2 ura3) with 

a genome-integrated expression cassette encoding the CtXR enzyme (termed S. c. XR (g)). 

Additionally, a recombinant S. cerevisiae strain with the gene encoding CtXR on the yeast 2µ 

expression plasmid p426GPD was used. This strain is termed S. c. XR (2µ). Furthermore the strain S. 

c. IBB10B05 (CEN.PK 113-5D; MATa MAL2-8c SIC2 ura3) with a genome integrated expression 

cassette encoding the CtXR (K274R/N276D double mutant form), GmXDH and S. cerevisiae XKS1, that 

is capable of ethanol production with xylose as the only substrate, was tested. The strains were 

provided by the Institute of Biotechnology and Biochemical Engineering, Graz University of 

Technology [21, 46].  

 

2.3.2 Used plasmids  

The expression plasmid used in this study was p427TEF. The vector card is displayed in Figure 1. 

 

2.3.3 Used genes  

The gene of Xut1 was ordered, flanked with the restriction sites BamHI and XmaI on the 5’- and 3’-

end, respectively, from Eurofins Genomics (Germany) and it was delivered in the pEX-K4 plasmid. 

The gene of the Gal2_N376F permease mutant [25] was ordered with restriction sites for XmaI (5’-

end) and EcoRI (3’-end) from GenScript Corporation, Piscataway, NJ, USA and arrived in the pUC57-

Kan plasmid. The DNA- and protein sequences of the transporters can be found in the Appendix 

(section 6.1). 
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Figure 1: p427TEF expression vector: TEF1 promoter: Transcription factor TEF drives strong, constitutive expression; 
MCS (675 – 743): Multiple cloning site containing different restriction sites; CYC1term: cytochrome-c-oxidase terminator 
(CYC1T); KanMX: Kanamycine resistance gene conferring kanamycine (30 µg/mL) resistance in E. coli and Geneticin-Sulfat 
(200 µg/mL) in S. cerevisiae; 2micron: origin of replication, allows propagation of plasmid in yeast at high copy numbers 
(20-100 copies/cell); AmpR: ampicillin resistance gene, allows selection in E. coli (50-100 μg/mL ampicillin); pBS: 
pBluescript origin of replication, allows propagation of plasmid in E. coli at high copy numbers. 

 

2.4 Cloning 

2.4.1 Polymerase chain reactions (PCR) 

Standard PCR 

The components and the temperature program of a standard PCR (e.g. for sub-coning) can be found 

in Table 2 and Table 3, respectively. The total volume of the PCR mixtures was 50 μL.  
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Table 2: Standard PCR-mixture  

Component  [µL] 

5x Phusion HF Buffer  10.0 
dNTP (10 mM)  1.0 

forward primer (10 pmol/μl)  2.5 

reverse primer (10 pmol/μl)  2.5 

template DNA (plasmid or linear fragment) 1.0 

Phusion™ Polymerase (2 U/μl)  0.5 

ddH2O  32.5 

 

Table 3: Standard PCR-program 

 

 

 

Overlap extension PCR (OE-PCR) 

The reaction mixture in OE-PCRs was the same as in standard PCRs with the exception of using the 

two fragments to be assembled as the template. The length of the overlapping regions of the two 

fragments was at least 20 bp and was chosen to match a melting temperature of 65°C (calculated by 

the Simple Primer Tool OligoAnalyzer 3.1). 10-16 ng of the larger fragment were applied and the other 

fragment was added in equimolar amounts. The first 8 PCR cycles were performed without primers. 

Then 2 µL of each primer solution were added. The temperature program of the second step was the 

same as for the first one, but the number of cycles was between 22 and 30.  

 

  

Temperature [°C] Time  

98 10 sec  

98 15 sec 

30 cycles 
65 20 sec 

72 
< 2 kb: 1 min 30 s 

> 2 kb: 30 s per kb 

 

 

72 10 min  

4 ∞  
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Gibson Assembly  

For the Gibson assembly reaction the Gibson Assembly® Cloning Kit (New England Biolabs, 

Frankfurt, Germany) [47] was used. The assembly reaction was accomplished with 1 μl linear 

p427TEF without CYC1T (125 ng), 2.2 µL insert DNA – XUT1_CYC1T_PdiI (47 ng), 1.8 μl ddH2O and 15 

μl Gibson Assembly Mastermix 2x. The assembly took place at 50°C for 1 hour.   

 

Colony PCR 

Single E. coli colonies were resuspended in 50 μL ddH2O by vortexing. The suspension was heated at 

95°C for 5 minutes, followed by centrifugation at 13,200 rpm and 4°C for 1 minute. The colonies of S. 

cerevisiae strains were resuspended in 20 µL of 20 mM NaOH, each. The suspensions were heated at 

95°C for 45 min and centrifuged at 13,200 rpm and 4°C for 10 minutes. 2-5 μl of the supernatants of 

the disrupted E. coli or S. cerevisiae colonies were used as templates for the PCR. The components and 

temperature program for colony PCR are shown in Table 4 and Table 5, respectively. Existence of the 

PCR products was checked by agarose gel electrophoresis (1.5% agarose gel, 1x TAE buffer, 80 V, 90 

minutes) 

 

Table 4: PCR-mixture for colony PCR 

Component  [µL] 

10x Dream Taq Buffer  5 
dNTP (10 mM)  1 

forward primer (10 pmol/μl)  2 

reverse primer (10 pmol/μl)  2 

template DNA  3 

DreamTaq Polymerase (5 U/µL)  0.5 

ddH2O  36.5 

 

Table 5: PCR-program for colony PCR 

Temperature [°C] Time  

95 2 min  

95 20 sec 

30 cycles 
65 30 sec 

72 
< 2 kb: 1 min 30 s 

> 2 kb: 30 s per kb 

 

 

 

72 10 min  

4 ∞  
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Primers 

Primers used in this study are listed in Table 6. 

Table 6: Primer sequences. Grey marked regions show the restriction sites; orange marked letters show the overlapping 
regions of the XUT1 gene and CYC1T. Green marked letters show the overlapping region of p427TEF with the XUT1 gene or 
the CYC1T. 

Nr. Name  Sequence (5'->3') Length/bp 

1 fw_NdeI_TEFP 
CTAGGTCATATGCATAGCTTCAAAATGTTTCTACTCC

TTTTTTACTCTTCCAGATTTTCTCGGACTC 
67 

2 rv_BsiWI_CYC1T-short 
CTAGGTCGTACGGTACCGGCCGCAAATTAAAGCCTT

CG 
38 

3 fw_Gal2_Pos.85  CCCATTTAAGCGCACAATCTC 21 

4 fw_Gal2_Pos.700 GCTATTCGAACTCAGTTCAATGGAGAG 27 

5 fw_BamHI_Xut1  CTACTATTGGATCCATGCACGGTGGTGG 28 

6 fw_Gal2_XmaI 
CTAGGACCCGGGATGGCAGTTGAGGAGAACAATAT

GCCTGTTGTTTC 
47 

7 rv_Gal2_Strep-Tag_EcoRI 
CTAGGTGAATTCTTATTTCTCGAACTGAGGATGTGA

CCAAGCTGATTCTAGCATGGCCTTGTACCACGG 
69 

8 rv_ XmaI _Xut1  GCGTGGTTTCCCGGGTTATTTTTCAACGTG 30 

9 fw_Insert-BamHI_Xut1_long 
TAGAACTAGTGGATCCATGCACGGTGGTGGTGACG

GTAACGA 
42 

10 rv_Insert-XmaI_Xut1_CYC1T_long 
TCGAATTCCTGCAGCCCGGGTTATTTTTCAACGTGG

TAGACATCAGCCTTGCTG 
54 

11 fw_p427TEF_endCYC1T_PdiI CACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAA 33 

12 rv_ p427TEF_beginXut1_BamHI CCACCGTGCATGGATCCACTAGTTCTA 27 

13 fw_overlapXmaI_CYC1T AAAATAACCCGGGCTGCAGGAATTCGA 27 

14 rv_CYC1T_PdiI TTTAGAGCTTGACGGGGAAAGCCGGCGAACGTG 33 

 

Purification of PCR products 

The purification of PCR products was done by either using the GeneJETTM PCR-purification Kit, or by 

running an agarose gel electrophoresis (1.5% agarose gel, 1x TAE buffer, 80 V, 1 h 20 minutes) and 

subsequent extraction of the respective DNA fragments from the gel, using the GeneJETTM Gel 
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Extraction Kit. While the purifications were performed according to the manufacturer’s manual, the 

amounts of sterile ddH2O for elution of the products were varied between 20 and 50 μL, according to 

the desired end volume. 

 

2.4.2 Restriction digest and dephosphorylation of vector DNA 

Digestion with restriction enzymes was performed sequentially in a total volume of 50 µL at 37°C for 

8-16 hours, using the corresponding buffer system, as recommended by the supplier. After digestion 

of vector DNA with the first restriction enzyme, subsequent dephosphorylation was done for 1 hour 

at 37°C by adding 2.5 µL fast alkaline phosphatase (Fast AP, 1 U/μL). The phosphatase was removed 

via the GeneJETTM PCR-purification Kit and the digestion with the second restriction enzyme was 

started. A list of the used restriction enzymes and their recognition sites can be found in Table 7. After 

completed restriction digest, the products were purified on an agarose gel (1.5%) and purified by 

using the GeneJETTM Gel Extraction Kit.  

 

Table 7: Restriction enzymes used and their recognition sites 

Enzyme Recognition site 

BamHI 5’-G↓GATCC-3’ 

EcoRI 5’-G↓AATTC-3’ 

XmaI (Cfr9I) 5’-C↓CCGGG-3’ 

 

 

2.4.3 Ligation of DNA fragments 

For ligations of inserts into a dephosphorylated vector, molar ratios of 3:1 to 5:1 of insert to vector 

were used (Equation 1). Ligation was done with 1 μL T4 DNA ligase (5 U/μL) and 2 μL 10x Ligation 

Buffer in a total volume of 20 μL either at 16°C over night or at 22°C for 2h. 

 

Equation 1: Calculation of the amount of insert DNA necessary for ligation into a certain vector 
 

m insert = 
length  insert *  m vector * molar ratio insert: vector              

length vector 
     m = mass [ng]  

length: length [bp] 
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2.4.4 Transformation (and isolation) of plasmid DNA  

E. coli transformation 

Transformation of plasmid DNA into E. coli cells was done by electroporation. 100 μL 

electrocompetent cells were thawed and incubated with either 3 μL ligation mixture or 1 μL plasmid 

preparation on ice for approximately 3 to 5 minutes. Afterwards, cells were electroshocked using the 

Bs2 setting of a Micro PulserTM (Bio-Rad, Vienna, Austria) and regenerated in 1 mL SOC medium at 

37°C and 500 rpm for 60 min. Cells were plated on LB plates containing the appropriate antibiotic 

and incubated overnight at 37°C. 

 

For the amplification and isolation of plasmid DNA from E. coli, a single colony was picked with a 

sterile toothpick from an LB-agar plate and inoculated into 5 mL LB medium, supplemented with the 

required antibiotic, and incubated overnight at 37°C (110 rpm). Cells were harvested by 

centrifugation (5000 rpm at room temperature for 10 minutes) and the pellet was subjected to 

plasmid isolation using the GeneJETTM Plasmid Miniprep Kit according to the manufacturer’s manual. 

The DNA was eluted with 50 μL ddH2O. 

 

High efficiency transformation of S. cerevisiae cells 

Expression plasmids were transformed into S. cerevisiae strains using a lithium acetate method [48], 

which was slightly modified. Precultures were either inoculated from YPD plates and grown over 

night to an OD600 of 10 - 11 or from SDD plates and grown over night to an OD600 of 2.5 - 5. The 

main cultures were inoculated from the respective precultures to an optical density of 0.2. At an 

optical density of 0.7-1, cells were harvested via centrifugation (5,000 rpm and room temperature for 

5 minutes). Several washing (and concentration) steps were performed as it is described in the 

protocol [48]. Cell aliquots of 50 µL were mixed with the reaction solution. The composition of the 

reaction solution is listed in Table 8. After incubation at 42°C for 40 min the cells were harvested 

(5,000 rpm, and 4°C for 30 seconds) and the supernatant was discarded. Cells were gently 

resuspended in 500 µL YPD medium and regenerated for at least 3 hours at 30°C and 300 rpm on a 

thermomixer. Appropriate dilutions of the cell suspension were plated on selection medium after 

regeneration and incubated at 30°C for 2 to 3 days. 
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Table 8: Reaction mixture for lithium acetate method 

Reaction solution  [µL] 

PEG 3640 50% (w/v)  240 
Lithium acetate 1 M 36 

Boiled SS-carrier DNA [2 mg/mL] 50 

Plasmid DNA plus sterile ddH2O 34 

Total  360 

 

 

Zymolyase-treatment and subsequent plasmid DNA purification 

For the amplification and isolation of plasmid DNA from S. cerevisiae, several single colonies were 

picked with sterile toothpicks from agar plates and grown in 50 mL selection media, each. Cells were 

harvested, washed with 0.9% sodium chloride and plasmid DNA was isolated by using Lysis buffer 

(5mg/mL zymolyase 20T, 1M sorbitol, 50 mM EDTA, 100 mM PPB buffer, 20 µL RNAse solution) 

together with the bacterial GeneJETTM Plasmid Miniprep Kit from Thermo Sientific (starting with step 

number 2). The DNA was eluted with 50 μL ddH2O. 

 

2.5 Construction of yeast reference strains and strains, expressing the 

Gal2_N376F or XUT1 transporter. 

2.5.1 Construction of the reference strains S. c. XR (g)-p427TEF, S. c. XR (2µ)-p427TEF 

and S. c. IBB10B05-p427TEF 

The empty plasmid p427TEF was amplified in E. coli TOP 10 cells and subsequently transformed into 

S. c. XR (2µ) and S. c. IBB10B05 to obtain the reference strains S. c. XR (2µ)-p427TEF and S. c. 

IBB10B05-p427TEF, respectively. 

 

2.5.2 Construction of strains, expressing the Gal2_N376F transporter 

The plasmid p427TEF was amplified in E. coli TOP10 cells and digested with the restriction enzymes 

XmaI and EcoRI. The pUC57-Kan plasmid, carrying the GAL2_N376F transporter gene, was also 

amplified in E. coli TOP10 cells and digested with XmaI and EcoRI. The resulting GAL2_N376F gene 

was ligated into the multiple cloning site of the prepared p427TEF vector, just between the TEF1 
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promoter and the CYC1T sequences. The p427TEF-Gal2_N376F expression plasmid was transformed 

into S. c. XR (g), S. c. XR (2µ) and S. c. IBB10B05 to yield the strains S. c. XR (g)-Gal2M, S. c. XR (2µ)-

Gal2M and S. c. IBB10B05-Gal2M, respectively. 

 

Construction of a strain expressing Gal2_N376F transporter tagged with a Strep-TagII 

For the construction of the S. c. XR (2µ)-Gal2M-Strep strain, a Strep-TagII sequence was C-terminally 

attached to the GAL2_N376F gene by using the primers 6 and 7 (Table 6) for PCR and pUC57-Kan 

plasmid as the template. XmaI and EcoRI restriction sites were added via the same PCR. Further 

cloning steps were performed as it is described for the preparation of the p427TEF-Gal2_N376F 

plasmid to yield the plasmid p427TEF-Gal2_N376F-Strep. The vector was transformed into S. c. XR 

(g), S. c. XR (2µ) and S. c. IBB10B05 to yield the strain S .c. XR (g)-Gal2M-Strep, S .c. XR (2µ)-Gal2M-

Strep and S. c. IBB10B05-Gal2M-Strep, respectively. 

 

2.5.3 Construction of strains, expressing the XUT1 transporter 

A schematic overview of the cloning strategy for the construction of the p427TEF vector carrying the 

XUT1 transporter gene can be found in Figure 2. The expression plasmid was assembled using overlap 

extension PCR and Gibson Assembly. In a first step the p427TEF vector was amplified in E. coli TOP10 

cells. The obtained plasmid was used for generation of the p427TEF vector backbone fragment 

without CYC1T. Therefore the primers 11 and 12 (Table 6) were used. The second fragment that was 

needed was the CYC1T fragment including overlapping regions to the XUT1 gene and the p427TEF 

backbone. This fragment was generated by using the primers 13 and 14 for PCR and p427TEF plasmid 

as the template.  

 

The pEX-K4 plasmid, carrying the XUT1 transporter gene, was amplified in E. coli DH5α cells at room 

temperature, to prevent a toxic effect of the foreign gene on the E. coli cells. The plasmid was used for 

PCR to amplify the XUT1 gene with overlapping regions to the TEF promoter of p427TEF vector and 

the CYC1T (primers 9 and 10). Assembling of the XUT1 fragment and the CYC1T fragment was done by 

using OE-PCR. Gibson cloning was chosen to be suitable for assembling the p427TEF vector backbone 

fragment without CYC1T and the generated XUT1-CYC1T fragment. The resulting plasmid, p427TEF-

Xut1, carries the XUT1 gene located between the TEF1 promoter and the CYC1T. The plasmid was 

transformed into S .c. XR (2µ) and S. c. IBB10B05 to yield the strains S .c. XR (2µ)-Xut1 and S. c. 

IBB10B05-Xut1. 
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Figure 2: Schematic overview of the construction of the p427TEF vector carrying the XUT1 gene. 
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2.6 Xylose fermentations 

2.6.1 (Semi-)aerobic fermentations in shaking flasks 

Cultivation of strains and production of biocatalyst biomass 

All xylitol-producing yeast strains were cultivated at 30°C in baffled shaking flasks (300 mL flasks 

containing 50 mL of preculture or 1000 mL flasks containing 300 mL of main culture) using an 

agitation rate of 120 rpm. S. c. XR(g)-p427TEF, S. c. XR(g)-Gal2M and S. c. XR(g)-Xut1 were grown in 

YPD medium with Geneticin-Sulfat (G418). S. c. XR(g) was grown solely in YPD medium. The strains 

S. c. XR (2µ)-p427TEF, S. c. XR (2µ)-Gal2M, S. c. XR (2µ)-Xut1 were grown in SDD medium containing 

G418 as the selective marker. The strain S. c. XR (2µ) was grown solely in SDD medium.  

 

Precultures were either inoculated from YPD-G418 plates and grown over night to an OD600 of 10 - 11 

or from SDD-G418 plates and grown over night to an OD600 of 2.5 - 5. The main cultures were 

inoculated from the respective precultures to an optical density of 0.05. At an optical density of  5, 

the biomass of the main cultures was harvested by centrifugation at 5,000 rpm and 4°C for 20 

minutes. The supernatants were removed and the pellets were resuspended in 20 mL 0.9% sterile 

sodium chloride and transferred into a 50 mL Sarsted tube, followed by another centrifugation step 

(vide supra). After removing the supernatants, the pellets were resuspended in the respective media 

to yield a total volume of 20 mL suspension. The optical densities of the cell stocks were determined 

in order to assess the volumes that were required to inoculate media for the batch conversions.  

 

Batch conversion and sample preparation 

Batch conversions were performed in 300 mL baffled shaking flasks containing a final volume of 50 

mL, consisting of the respective medium, the biocatalyst (starting OD600 1-5), 15 g/L xylose as the 

substrate and ~27 g/L glucose or ~ 9.2 g/L ethanol as the co-substrate. Bio-conversions were shaken 

at 120 rpm at 30°C over a time period of at least 24 hours. Samples (1040 µL each), were taken 

regularly and the optical densities were determined spectrophotometrically. The remaining 940 µL 

of each sample were centrifuged at 13,200 rpm and 4°C for 10 minutes. The supernatants were 

transferred to an HPLC vial and stored at -20°C.  
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2.6.2 Anaerobic fermentations  

Cultivation of strains and production of biocatalyst biomass 

All precultures of the ethanol-producing yeast strains were cultivated aerobically at 30°C in baffled 

shaking flasks (300 mL flasks containing 50 mL of preculture) using an agitation rate of 120 rpm. The 

parental strain S. c. IBB10B05 was grown in M- medium containing 20 g/L glucose, the strains S. c. 

IBB10B05-Gal2M and S. c. IBB10B05-Xut1 were grown in M- medium containing 20 g/L glucose and 

G418. Main cultures were inoculated from the respective precultures to an optical density of 0.05-0.1. 

Cells were grown anaerobically in sealed flasks (100 mL airproof flasks containing 90 mL main 

culture) at 30°C for three days using an agitation rate of 200 rpm. The main culture medium consisted 

of M- medium containing 20 g/L xylose with or without G418. The main cultures were harvested (vide 

supra) and used for the anaerobic batch conversion experiments. 

 

Batch conversion and sample preparation 

Anaerobic batch conversions were performed at 30°C and 200 rpm in M- medium using 100 mL 

airproof flasks containing a final volume of 90 mL. 50 g/L xylose were used as the substrate. Over a 

time period of 96 hours, samples (2 mL each), were taken and the optical density was determined 

spectrophotometrically. The remaining 1 mL of the sample was centrifuged at 13,200 rpm and 4°C 

for 10 minutes. The supernatant was transferred to an HPLC vial and stored at -20°C.  

 

2.7 Analytical methods 

2.7.1 Protein analytics 

Preparation of protein extracts  

Protein extracts of different yeast strains were prepared by a TCA precipitation protocol derived from 

Rietzmann [49], which was slightly modified. 10 OD600 units of cells were transferred to Eppendorf 

tubes, mixed with Y-Per (Thermo Scientific – Life Technologies, St. Louis, USA) reagent and shaken at 

300 rpm and 22°C for 20 minutes. After centrifugation (12,000 rpm and 4°C for 10 minutes) cell 

pellets were resuspended in 300 µL of 1.85 M NaOH and 7.5 (v/w) β-mercaptoethanol and kept on 

ice for 1 hour. 300 µL of 50% TCA were added to the mix, vortexed rigorously and left on ice for 2 

hours. Cell lysate fractions were treated only with 50% TCA (end-concentration of TCA was 25%). 

The samples were centrifuged at 13,200 rpm and 4°C for 10 minutes and the supernatant was 

discarded. The pellets were each resuspended in 100-150 µL of a mix containing 25 µL NuPAGE 
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sample buffer (4x), 10 µL NuPAGE reducing agent DTT (10x), and 65 µL ddH2O. Dissolving the pellet 

of the lysate fraction was only possible by using an ultrasonic bath for 5 min. Samples for SDS-PAGE 

were denaturated at 95°C for 5 min.  

 

SDS Page 

The NuPage® electrophoresis system from Thermo Scientific with 4-12% BisTris gels was used. The 

gels were run in MOPS-Buffer for at least 50 minutes with the specifications of the NuPage Gel 

program (a maximum of 200 V, 120 mA and 25 W) and stained with Coomassie staining solution. 

 

Western Blot 

Following TCA precipitation, proteins were separated via SDS-PAGE and blotted to a nitrocellulose 

membrane by following the NuPage protocol for electrophoresis and Western blotting. The blotting 

sandwich was prepared as shown in Figure 3. Protein transfer was performed in 1x Tris Glycine 

Transfer Buffer at a current of 200 mA for 60 min.  

 

  

Figure 3: Scheme for Western Blot assembly, (copyright by Invitrogen) 

 

To check if the transfer was successful, the membrane was stained with PoinceauS. An image was 

taken and the membrane was destained with 1x PBS. Blocking of the membrane was carried out over 

night at 4°C in 20 mL blocking solution. Strep-tagged proteins were detected using the Strep Tag II 

monoclonal antibody (AB) (1:10,000 in 20 mL of PBST) as first AB and HRP-conjugated goat anti-

mouse AB (1:10 000 in 40 mL of PBST/2.5% BSA) as secondary AB. The primary AB was incubated at 

4°C overnight and the secondary AB was incubated 1 hour at room temperature while shaking 

moderately. Between the two steps and before detection, the membrane was washed three times, 

each 5 minutes, with PBST. The substrate for signal generation was from the Thermo Scientific 

Chemiluminescence Super Signal® West Pico Kit and it was applied as written in the manual. The 

chemoluminescence signal was detected by exposure to a photographic film for 3 to 5 minutes.  
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2.7.2 Determination of XR activity in cell free extracts 

Yeast cell disruption 

For the determination of protein concentration and enzyme activity 50-60 OD600 units of cells 

(harvested and washed main culture) were used. The disruption mix contained pelleted cells, glass 

beads (1 w/w) and 100 mM PPB (2 v/w). Cells were disrupted by 10 cycles of rigorously mixing the 

disruption suspension for 30 seconds and keeping the cells on ice for 30 seconds between these steps. 

To get the crude cell extract, the disruption suspension was subsequently centrifuged at 13,200 rpm 

and 4°C for 10 minutes. 

 

Determination of protein concentration 

The protein concentration in the crude cell extracts was determined based on the method of Bradford, 

using the Roti-Quant protein quantification assay according to the manufacturer’s procedure. 

Samples were diluted 1:20, 1:40 and 1:80 in 100 mM PPB. A BSA calibration curve (0-1 mg/mL) 

served as the protein standard for quantification.  

 

Determination of XR activity 

XR activity was assayed spectrophotometrically at 340 nm by monitoring the oxidation of NAD(P)H 

for 10 minutes. One unit of enzyme activity refers to 1 μmol of NAD(P)H consumed per minute. All 

activity measurements were performed with a Beckman DU-800 spectrophotometer thermostated at 

25°C. Reactions were carried out in 100 mM PPB, supplemented with xylose (final concentration of 

700 mM) and started either by the addition of NAD(P)H (final concentration of 0.3 mM) or by the 

addition of the crude cell extract. Reactions without substrate and without enzyme served as negative 

controls. Therefore, 100 mM PPB was used instead of xylose or the crude cell extract. 

 

2.7.3 Analysis of fermentation products (HPLC measurements) 

HPLC-analysis of the metabolites glucose, xylose, xylitol, glycerol, acetate and ethanol was performed 

on a LaChrom HPLC system (Merck) or a Shimadzu HPLC system (for detailed apparatus information 

see appendix chapter 6.3), both equipped with an RI detector and a thermostated column oven. 

Samples were analyzed on an Aminex HPX-87H column (Bio Rad Laboratories, Vienna, Austria) using 

5 mM sulphuric acid as eluent at a flow rate of 0.6 mL/min and a temperature of 65°C. Peaks were 

identified and quantified based on authentic standards with known concentrations.  
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2.7.4 Determination of growth rates  

For the determination of specific growth rates (µ), a linear regression from the linear part of the 

logarithmic plotting of OD600 values versus time was done. Average values and deviations of double 

determinations are shown. 

 

2.7.5 Determination of yields 

Yields (Yxylitol [gXol/gXyl]) of xylitol producing strains were defined as the total amount of produced 

xylitol divided by the total amount of xylose added to the reaction (not xylose consumed by the cells), 

whereby losses due to sampling were considered. Yields (Yethanol [gEtOH/gXyl]) of ethanol producing 

strains were defined as the total amount of produced ethanol divided by the total amount of xylose 

added to the reaction. Co-substrate yields for glucose and ethanol (gXol/gGlc or gXol/gEtOH) were 

determined similarly: the total amount of produced xylitol was divided by the total amount of co-

substrate (glucose or ethanol) added to the reaction [50]. Calculated values represent the xylitol 

yields and co-substrate yields after 24 h and ethanol yields after 96 h. Average values and deviations 

of double determinations are shown. 

 

2.7.6 Determination of xylose uptake rates and xylitol or ethanol productivities 

To study the xylose uptake and product formation the xylose decrease and xylitol or ethanol 

production was monitored. For the calculation of the volumetric xylose uptake rates and xylitol or 

ethanol productivities the determined xylose, xylitol or ethanol values were plotted versus time. The 

slope of the linear regression from the linear part of the plotting (volumetric rates) and the cell dry 

weight (CDW) of the cells were set in correlation to get the maximal specific xylose uptake rates and 

maximal specific xylitol and ethanol productivities. 
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3 Results and Discussion 

In order to characterize xylose uptake profiles in the presence of additional transporters, two genes 

were recombinantly expressed in S. cerevisiae. The transporters Gal2_N376F and Xut1 were selected 

based on literature evidence of xylose transport capacity [17, 25]. A total of five S. cerevisiae strains 

expressing either Gal2_N376 or the Xut1 transporter were constructed and investigated in regard to 

their xylose uptake and xylitol or ethanol production rates.  

3.1 E. coli subcloning and S. cerevisiae transformation 

A detailed description of the cloning strategy can be found in Material and Methods (section 2.4 and 

2.5.). The construction of expression plasmids using a standard cloning procedure (PCR, restriction 

digest, ligation, transformation) and E. coli TOP10 cells was successful for the GAL2_N376F gene and 

the construct with the C-terminally attached Strep-Tag sequence (Gal2_N376F-Strep). The presence 

of p427TEF-Gal2_N376F and p427TEF-Gal2_N376F-Strep expression plasmids was verified by 

colony PCR and agarose gel electrophoresis (section 2.4.1). Sequencing (LGC genomics GmbH) was 

used for confirming sequence correctness and absence of mutations in the genes.  

 

The expression plasmids p427TEF-Gal2_N376F and p427TEF-Gal2_N376F-Strep were transformed 

into S. c. XR (g), S. c. XR (2µ) and S. c. IBB10B05. The empty plasmid p427TEF was transformed into S. 

c. XR (2µ) and S. c. IBB10B05. The presence of the respective plasmids in the different yeast strains 

was verified via colony PCR using forward primer 1 and reverse primer 2 (Table 6). PCRs from clones 

harboring the Gal2_N376F transporter yielded a DNA-fragment with a length of ~2.5 kilo base pairs 

(kbp). p427TEF-Gal2_N376F served as a positive control and as negative control the empty plasmid 

p427TEF, yielding a 0.75 kbp DNA-fragment, was chosen. Examples of agarose gel electrophoresis 

analyses can be found in Figure 4 and Figure 5.   
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Figure 4: Agarose gel electrophoresis of the colony PCR of S. 
c. XR (g)-Gal2M; Lane 1: The band at 2.5 kbp indicates a positive 
clone that harbors the GAL2_N376F gene. Lane 2: Mass Ruler 
DNA Ladder Mix. 

 

 

 

 

Figure 5: Agarose gel electrophoresis of the colony PCR of S. c. IBB10B05-Gal2M. 
Lane 1 and 6: Mass Ruler DNA Ladder Mix. Lane 2 and 3: Bands at 2.5 kbp indicate 
positive clones that harbor the GAL2_N376F gene. Lane 4: Negative control (p427TEF 
plasmid). Lane 5: Positive control (p427TEF-Gal2_N376F plasmid). 
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The cloning strategy for the Xut1 transporter differed from the standard cloning procedure due to 

issues with several common cloning steps. The PCR from the original plasmid that carried the XUT1 

transporter gene pEX-K4-XUT1 gave low yields and was not reproducible. E. coli Top10 cells, that 

were transformed with the pEX-K4-XUT1 vector, showed impaired growth, low plasmid yields and 

the restriction digest pattern of the isolated plasmid was ambiguous. These problems led to the 

assumption that the existence of the XUT1 gene from P. stipitis in the shuttle plasmid had toxic effects 

on the used E. coli cells. To overcome the problems of isolating and amplifying the XUT1 gene, the 

cloning strategy was switched to Gibson assembly (section 2.5.3) and the host strain was changed to 

E. coli DH5α. Additionally, bacterial growth temperature was set to room temperature instead of 37 

°C, which finally led to positive transformants. Once cloned into the shuttle vector p427TEF, the 

absence of mutations in the XUT1 gene was confirmed by sequencing. The sequences of the 

transporters can be found in the Appendix.  

 

The expression plasmid p427TEF-Xut1 was transformed into S. c. XR (2µ) and S. c. IBB10B05. The 

presence of the plasmid in the S. cerevisiae strains could not be verified via colony PCR. Therefore, 

plasmids of serveral clones were isolated (Zymolyase-treatment and subsequent plasmid DNA 

purification KIT from Thermo Scientific) and control PCRs with the primers 9 and 10 (Table 6) were 

performed, resulting in  ̴ 1.7 kbp DNA fragments for positive clones (see Figure 6). The corresponding 

sequenced plasmid served as a positive control and as negative control the empty plasmid p427TEF 

was taken. The negative control did not show a band, because the reverse primer could not find a 

complementary sequence when the XUT1 gene was not present.  

 

A list of all constructed and parental strains used for this study can be found in Table 9.  
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Figure 6: Agarose gel electrophoresis of the control 
PCR of S. c. XR (2µ)-Xut1 and S. c. IBB10B05-Xut1; 
Std: Mass Ruler DNA Ladder Mix. IBB XUT1 C1 and C2: 
S. c. IBB10B05-Xut1 clone number 1 and 2, the bands 
at   ̴ 1.7 kbp indicate positive clones that harbor the 
XUT1 gene. Neg: negative control p427TEF. 2µ XUT1 C2: 
S. c. XR (2µ)-Xut1 clone number 2, the band at   ̴1.7 kbp 
indicates a positive clone. Pos: positive control 
p427TEF-Xut1. 

 

3.2 XR activities in recombinant S. cerevisiae strains 

Intracellular XR activity is a crucial factor in microbial xylose utilization. Therefore, we have 

compared the XR activities of four engineered S. cerevisiae strains and their parental strains in order 

to determine whether the presence of the additional xylose transporters alters the reductase’s 

expression level. Since the CtXR gene has been shown to have a natural preference for NADPH over 

NADH [22], all activity measurements were performed with NADPH as the co-enzyme. The protein 

concentrations in the crude cell extracts of the strains were determined and used to calculate the 

specific XR activities (U/mgProt). Mean values are summarized in Table 9.  

 

No difference in the XR activities was observable when comparing S. c. XR (g) (0.08 ± 0.01 U/mgProt) 

and S. c. XR (g)-Gal2M (0.09 U/mgProt), which reveals that the presence of the p427TEF multi copy 

plasmid, carrying the transporter sequence, did not affect the XR activity of the strain that harbored 

the CtXR expression cassette in the genome. Intracellular XR activities were much higher in the strains 

that carried multiple copies of the yeast 2µ expression vector p426GPD-XR. S. c. XR (2µ) showed an 
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XR activity of 0.86 ± 0.04 U/mgProt, which is 10-fold higher than the activity of the S. c. XR (g) strain. 

The S. c. XR (2µ)-p427TEF strain that carried the empty expression vector had nearly the same XR 

activity (0.82 ± 0.03 U/mgProt), although this strain held two different multiple copy plasmids. This 

observation indicates that the presence of the additional expression vector p427TEF had no influence 

on the XR activity of the yeast strain. However, the expression of a transporter gene using the 

p427TEF plasmid decreased the XR activity of the strain. 1.3-fold and 1.2 fold lower XR activities were 

obtained with the strains S. c. XR (2µ)-Gal2M (0.65 ± 0.03 U/mgProt) and S. c. XR (2µ)-Xut1 (0.74 ± 0.03 

U/mgProt), respectively, compared to the S. c. XR (2µ). A change in the ratio of protein content, due to 

the additional overexpression of a transporter protein can probably explain the decrease of the XR 

activity. Further influencing factors on the expression level of a protein are the strength of the 

promoter, regulatory elements downstream of the promoter and differences in the copy number of 

the plasmids. A 15-fold higher XR activity was obtained with the S. c. IBB10B05 compared to the S. c. 

XR (g). Both strains harbored the CtXR expression cassette in the genome under the control of the 

TDH3 (formerly GPD) promoter. The difference in the XR activities may result from the evolution 

steps of the S. c. IBB10B05 on xylose as the only substrate, which can bring about an upregulation of 

the CtXR gene expression [21]. XR activity was not determined in the strains S. c. IBB10B05-Gal2M 

and S. c. IBB10B05-Xut1.  
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Table 9: S. cerevisiae strains used in this study. Grey marked: parental strains; bold: additionally introduced modification 

Strain name Parental strain 
Strain 

background 
Plasmids 

Activity 

(U/mgProt) 

S. c. XR (g) 
S. c. CEN.PK 

113-5D 
XR  0.08 ± 0.01 

S. c. XR (g)-Gal2M 
S. c. CEN.PK 

113-5D 
XR p427TEF-Gal2_N376F 0.09 ± 0.01 

S. c. XR (g)-Gal2M-Strep 
S. c. CEN.PK 

113-5D 
XR 

p427TEF-Gal2_N376F-

Strep 
n. d. 

S. c. XR (2µ) 
S. c. CEN.PK 

113-5D 
XR p426GPD-XR 0.86 ± 0.04 

S. c. XR (2µ)-p427TEF 
S. c. CEN.PK 

113-5D 
XR p426GPD-XR, p427TEF 0.82 ± 0.03 

S. c. XR (2µ)-Gal2M 
S. c. CEN.PK 

113-5D 
XR 

p426GPD-XR, 

p427TEF-Gal2_N376F 
0.65 ± 0.03 

S. c. XR (2µ)-Gal2M-Strep 
S. c. CEN.PK 

113-5D 
XR 

p426GPD-XR, 

p427TEF-Gal2_N376F-

Strep 

n. d. 

S. c. XR (2µ)-Xut1 
S. c. CEN.PK 

113-5D 
XR 

p426GPD-XR, 

p427TEF-Xut1 
0.74 ± 0.03 

S. c. IBB10B05 S. c. IBB10B05 XR, XDH, XKS  
(a) 

1.2 ± 0.03 

S. c. IBB10B05-p427TEF S. c. IBB10B05 XR, XDH, XKS p427TEF n. d. 

S. c. IBB10B05-Gal2M S. c. IBB10B05 XR, XDH, XKS p427TEF-Gal2_N376F n. d. 

S. c. IBB10B05-Gal2M-Strep S. c. IBB10B05 XR, XDH, XKS 
p427TEF-Gal2_N376F-

Strep 
n. d. 

S. c. IBB10B05-Xut1 S. c. IBB10B05 XR, XDH, XKS p427TEF-Xut1 n. d. 

n. d. not determined; (a) value from literature [21] 
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3.3 The effect of xylose transporter expression in a xylitol-producing 

low-XR-activity strain  

To study the xylose uptake and product formation in a xylitol-producing low-XR-activity strain S. c. 

XR (g) and S. c. XR (g)-Gal2M were monitored during batch conversions of 15 g/L xylose. The 

determined parameters were cell growth, measured via optical density at 600 nm, and the metabolite 

concentrations of glucose, xylose, xylitol, glycerol and ethanol by using HPLC analysis. The results are 

shown in Figure 7. Using data of the end point analyses after 120 hours, the xylitol and co-substrate 

yields of the different strains were calculated and summarized in Table 10. Initial xylose uptake rates 

(0-3 hours) and initial xylitol productivities did not exceed 0.08 gXyl/(L*h) and 0.01 gXyl/(L*h), 

respectively. Therefore, data acquired between 4 and 24 hours were used for the determination of 

the maximal volumetric xylose uptake rates (see Figure 7c). The slope of the volumetric rates and the 

cell dry weight (CDW) of the cells were set in correlation to get the maximal specific xylose uptake 

rate and maximal specific xylitol productivity (see Table 10). 

 

A 1.3-fold lower xylitol yield was obtained with the S. c. XR (g)-Gal2M strain (0.26 g/g) compared to 

the S. c. XR (g) strain (0.36 g/g). Generally, the xylitol yields achieved with this experimental set up 

were relatively low, due to a start OD600 of 1. The low start OD600 was chosen to be able to detect small 

changes in the xylose uptake profile. This was not possible due to a relatively high deviation of the 

data during the initial phase. Comparing the volumetric xylose uptake rates, a similar decrease (1.4-

fold) was observed when S. c. XR (g)-Gal2M strain was used. However, no significant difference in the 

specific xylose uptake rates was detectable, which indicates that expression of the transporter did 

neither decrease nor increase cellular xylose uptake rates. The differences in volumetric uptake rates 

and yields rather stem from the differences in cell proliferation. 
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Table 10: Sugar uptake rates and yields during xylose reduction by S. c. XR (g) and S. c. XR (g)-Gal2M. 

Parameter S. c. XR (g) S. c. XR (g)-Gal2M 

Start OD600/End OD600
 0.9/10.6 0.9/9.3 

µ [1/h] a 0.45 0.37 

Yxylitol [gXol/gXyl]b 0.36 0.26 

Yco-substrate [gXol/gGlc]b 0.22 0.15 

Volumetric xylose uptake rate [gXyl/(L*h)]  0.32 0.22 

Specific xylose uptake rate [gXyl/(gCDW*h)]c 0.08 0.07 

Volumetric xylitol productivity [gXol/(L*h)] 0.31 0.22 

Specific xylitol productivity [gXol/(gCDW*h)]c 0.08 0.07 

Volumetric glucose uptake rate* [gGlc/(L*h)] 1.47 1.36 

Specific glucose uptake rate* [gGlc/(gCDW*h)]b 2.26 2.20 

aM.D’s on µ were ≤ 10%. bM.D’s on yields were ≤ 2%. cM.D’s on specific rates and specific productivities were  
≤ 40 %. *rate determined using data of 0-3 hours;  

 

Due to the use of glucose as the co-substrate, the initial specific glucose uptake rates were also 

determined. No significant difference in the specific glucose uptake rates of S. c. XR (g) (2.26 

gGlc/(gCDW*h)) and S. c. XR (g)-Gal2M (2.20 gGlc/(gCDW*h)) was detectable. Based on the absent ability 

of the Gal2_N376F transporter to transport glucose [25], this result seems reasonable. An 

overexpression of the Gal2_N376F transporter should not influence the glucose uptake rates.  

 

As a result of no detectable difference in sugar uptake performance of the strains lacking and 

containing the Gal2_N376F transporter, further experiments with other strains and with ethanol as 

the co-substrate were performed to be able to interpret the data. Furthermore, the parental strain is 

not totally comparable with a strain that harbors a multi-copy plasmid, regarding the metabolism of 

the cells. An additional plasmid can result in a metabolic burden on the S. cerevisiae strain, followed 

by a negatively influenced metabolism. To exclude that a possible difference in xylose uptake behavior 

might have been overlooked, a suitable reference strain harboring the p427TEF plasmid became 

necessary for comparison.  
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Figure 7: Xylose utilization and product formation during batch conversion in shake flask cultivation of S. c. XR (g) [A] and S. c. XR (g)-Gal2M [B]. Xylose, xylitol, 
glycerol, ethanol, acetate and glucose were analyzed by HPLC. Growth was monitored via OD600 determination. Initial xylose uptake profiles and slopes of S. c. XR (g) and S. 
c. XR (g)-Gal2M are shown in panel C.  
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3.4 The effect of xylose transporter expression in a xylitol-producing 

high-XR-activity strain 

Co-fermentation of glucose and xylose was tested with the strains S. c. XR (2µ), S. c. XR (2µ)-p427TEF, 

S. c. XR (2µ)-Gal2M and S. c. XR (2µ)-Xut1. Batch conversions were started in this and following 

experiments with an OD600 of 5. However, S. c. XR (2µ) was not included in the strain comparison due 

to a too low start OD600 (3.0). The time courses of the conversions are displayed in Figure 8. 

Comparison of the strains S. c. XR (2µ)-p427TEF and S. c. XR (2µ)-Gal2M showed no significant 

difference in xylitol yields (0.74-0.78 g/g), maximal specific xylose uptake rates (0.08 gXyl/(gCDW*h)) 

or maximal specific xylitol productivities (0.08 gXol/(gCDW*h)). Using the S. c. XR (2µ)-Xut1 strain a 1.2-

fold decrease in xylitol yield (0.65 g/g) was detected (see Table 11). A trend of a less effective xylose 

uptake behavior of the strain harboring the transporter is visible, when comparing the maximal 

specific xylose uptake rates of the strains S. c. XR (2µ)-p427TEF (0.08 gXol/(gCDW*h)) and S. c. XR (2µ)-

Xut1 (0.04 gXol/(gCDW*h)). The maximal xylose uptake rates and xylitol productivities obtained with S. 

c. XR (2µ)-p427TEF and S. c. XR (2µ)-Gal2M are the same as those obtained with the S. c. XR (g) and S. 

c. XR (g)-Gal2M strains. This observation indicates that specific xylose uptake and xylitol productivity 

are – under the chosen conditions – not dependent on intracellular XR activity, which in turn suggests 

that limitations stem from insufficient co-factor supply or recycling and/or xylose transport. 

Referring to these data, the overexpression of the Gal2_N376F transporter is questionable. Analysis 

of the overexpression of the Gal2_N376F transporter was performed via Western Blot analysis and 

the results of the investigation can be found in section 3.6. Additionally, among other factors the 

expression of the several yeast hexose transporter (HXT) genes is strongly regulated by the presence 

and concentration of glucose [29, 51, 52]. Therefore, the assumption of a masking effect by automated 

upregulation of native hexose transporter expression should be taken into account. 

 

Initial specific glucose uptake rates were also determined. A decrease of the initial glucose uptake 

rate (1.35-fold) was detectable when comparing S. c. XR (2µ)-p427TEF (1.84 gGlc/(gCDW*h)) and S. c. 

XR (2µ)-Xut (1.36 gGlc/(gCDW*h)). The initial glucose uptake rate of the S. c. XR (2µ)-Gal2M was the 

lowest rate (1.13 gGlc/(gCDW*h)) compared to the other two strains.  
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Table 11: Sugar uptake rates and yields during xylose reduction by S. c. XR (2µ), S. c. XR (2µ)-Gal2M, S. c. XR (2µ)-
p427TEF and S. c. XR (2µ)-Xut1, using glucose as the co-substrate. 

Parameter S. c. XR (2µ) S. c. XR (2µ)-

Gal2M 

S. c. XR (2µ)-

p427TEF 

S. c. XR (2µ)-

Xut1 

Start OD600/End OD600 3.0/26.7 4.6/26.7 4.4/28.3 3.9/28.1 

µ [1/h] a 0.21 0.24 0.27 0.26 

Yxylitol [gXol/gXyl]b 0.79 0.74 0.78 0.65 

Yco-substrate [gXol/gGlc]b 0.48 0.44 0.44 0.36 

Volumetric xylose uptake rate 

[gXyl/(L*h)]  
0.65 0.55 0.58  0.50  

Specific xylose uptake rate 

[gXyl/(gCDW*h)]c 
0.10 0.08 0.08 0.04 

Volumetric xylitol productivity 

[gXol/(L*h)] 

0.68 0.60 0.56 0.49 

Specific xylitol productivity 

[gXol/(gCDW*h)]c 

0.11 0.08 0.08 0.04 

Volumetric glucose uptake rate* 

[gGlc/(L*h)] 

1.75 2.85 4.97 3.07 

Specific glucose uptake rate* 

[gGlc/(gCDW*h)]b 

0.95 1.13 1.84 1.36 

aM.D’s on µ were ≤ 10%.  bM.D’s on yields were ≤ 3 %.  cM.D’s on specific xylose uptake rates and specific xylitol productivities 
were up to 50 %. *rate determined using data of 0-3 hours. M.D’s on specific glucose uptake rates were ≤ 30 %. Grey marked 
row was not used for comparison of the strains because of a too low start OD600. 

 

Considering the studies of other working groups, which characterized xylose transport capacities of 

transporters mainly in yeast strains that lacked endogenous sugar-transporters [17, 25], a study with 

strains that possess all their natively present transporters seems to be problematic. The small 

changes in xylose uptake profiles might be overlooked or masked because of the huge influence of the 

natively expressed transporters, although they should theoretically be saturated with glucose at the 

beginning of the batch experiment. In order to be able to exclude a masking effect, batch conversions 

with ethanol instead of glucose as the co-substrate were performed. We expected a suppression of 

the expression of the native hexose transporters [53] and possibly detectable differences in the 

specific xylose uptake rates.  
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The time courses of xylose reduction in the presence of ethanol can be found in Figures 9 and 10. The 

xylitol yields obtained with the strains S. c. XR (2µ) (0.56 g/g), S. c. XR (2µ)-p427TEF (0.49 g/g), S. c. 

XR (2µ)-Gal2M (0.45 g/g) and S. c. XR (2µ)-Xut1 (0.44 g/g) were 1.4 to 1.6-fold lower compared to the 

yields obtained with glucose as the co-substrate (see Table 12), suggesting that glucose is the more 

efficient co-substrate when fast xylitol production is desired. A moderate decrease in xylitol yields 

(1.1 to 1.3-fold) was detected in the strains holding two different multiple copy plasmids. Obviously, 

the existence of a second plasmid negatively influenced the metabolism of the strains S. c. XR (2µ)-

p427TEF, S. c. XR (2µ)-Gal2M and S. c. XR (2µ)-Xut1 regarding xylitol production compared to the S. 

c. XR (2µ) strain. However, biomass formation seemed not to be influenced. This effect was also 

observable in the experiments with glucose as the co-substrate when considering the differences in 

the start OD600s.  

 

Comparison of the maximal specific xylose uptake rates (0.08 – 0.07 g/(gCDW*h)) were – within 

experimental error – the same in all of the four tested strains. Also the Xut1-transporter containing 

strain showed equal specific xylose uptake and xylitol production rates, which was not the case when 

glucose was fed as the co-substrate. Interestingly, the use of ethanol instead of glucose did not affect 

the specific uptake rates and specific productivities of the strains. It is noteworthy to mention, that 

the medium of the pre-cultures contained glucose. Therefore, an up-regulation of the expression of 

the native hexose transporters can be suggested. It is questionable if the regression of these native 

hexose transporters occurred fast enough. If these native hexose transporters were still present when 

the batch conversions with ethanol as the co-substrate were started probably the masking effect, 

explained above, could have taken place. To overcome the assumption of a masking effect the S. c. 

IBB10B05 strain was used for further conversion experiments, because this strain is capable of 

growing on xylose as the sole carbon source.  
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Table 12: Sugar uptake rates and yields of xylose reduction by S. c. XR (2µ), S. c. XR (2µ)-Gal2M, S. c. XR (2µ)-p427TEF 
and S. c. XR (2µ)-Xut1, using ethanol as the co-substrate. 

Parameter 

S. c. XR (2µ) 
S. c. XR (2µ)-

Gal2M 

S. c. XR 

(2µ)-

p427TEF 

S. c. XR 

(2µ)-Xut1 

Start OD600/End OD600 5.3/26.7 5.2/26.7  4.6/21.1 4.4/20.6 

µ [1/h] a 0.07 0.07 0.06 0.06 

Yxylitol [gXol/gXyl]a 0.56 0.45 0.49 0.44 

Yco-substrate [gXol/gEtOH]a 1.11 0.89 1.02 0.92 

Volumetric xylose uptake rate 

[gXyl/(L*h)]  
0.39 0.31 0.32 0.29 

Specific xylose uptake rate 

[gXyl/(gCDW*h)]b 
0.08 0.07 0.07 0.08 

Volumetric xylitol productivity 

[gXol/(L*h)] 
0.40 0.33 0.30 0.27 

Specific xylitol productivity 

[gXol/(gCDW*h)]b 
0.08 0.07 0.08 0.08 

a M.D’s on µ and yields were ≤ 6 %. b M.D’s on specific xylose uptake rates and specific xylitol productivities were ≤ 50 %.  
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Figure 8: Xylose utilization and product formation during batch conversion in shake flask cultivation of S. c. XR (2µ)-p427TEF [A], S. c. XR (2µ)-Gal2M [B] 
and S. c. XR (2µ)-Xut1 [C], using glucose as the co-substrate. Xylose, xylitol, glycerol, ethanol, acetate and glucose were analyzed by HPLC. Growth was monitored 
via OD600 determination. Xylose uptake profiles and slopes of S. c. XR (2µ)-p427TEF, S. c. XR (2µ)-Gal2M and S. c. XR (2µ)-TEF-Xut1 are shown in panel D. 
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Figure 9: Xylose utilization and product formation during batch conversion in shake flask cultivation of S. c. XR (2µ) [A] and S. c. XR (2µ)-Gal2M [B], 
using ethanol as the cosubstrate. Xylose, xylitol, glycerol, acetate and ethanol were analyzed by HPLC. Growth was monitored via OD600 determination. 
Xylose uptake profiles and slopes of S. c. XR (2µ) and S. c. XR (2µ)-Gal2M are shown in panel C. 

  



 

 

P
age 4

6
 

 

Figure 10: Xylose utilization and product formation during batch conversion in shake flask cultivation of S. c. XR (2µ)-p427TEF [A] and S. c. XR (2µ)-Xut1 [B], 
using ethanol as the cosubstrate. Xylose, xylitol, glycerol, acetate and ethanol were analyzed by HPLC. Growth was monitored via OD600 determination. Xylose uptake 
profiles and slopes of the S. c. XR (2µ)-p427TEF and S. c. XR (2µ)-XUT1 are shown in panel C. 
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3.5 The effect of xylose transporter expression in an ethanol-producing 

high-XR-activity strain 

Due to the presence of the xylose-utilization pathway, comprising the enzymes XR, XDH and XKS, the S. 

c. IBB10B05 strain is able to grow on xylose as the sole carbon source. Growth characteristics, xylose 

uptake behavior and product formation were studied under anaerobic conditions for S. c. IBB10B05, S. 

c. IBB10B05-p427TEF, S. c. IBB10B05-Gal2M and S. c. IBB10B05-Xut1. Representative time courses of 

xylose utilization and product formation are displayed in Figures 11 and 12. The comparison of strains 

was pairwise done, due to different start concentrations of the substrate. Xylose conversion employing 

the S. c. IBB10B05 and S. c. IBB10B05-Gal2M strains were started with 50 g/L of xylose. For the 

experiment with S. c. IBB10B05-p427TEF and S. c. IBB10B05-Xut1 40 g/L of xylose were used.  

 

During the first 22 hours nearly no xylose was consumed. Therefore, data acquired from 27 to 72 hours 

were used for the determination of the maximal volumetric xylose uptake rates and ethanol 

productivities. Calculated parameters are summarized in Tables 13 and 14.  

 

Table 13: List of ethanol yields, xylose uptake rates and ethanol productivities of anaerobic batch conversions of the S. 
c. IBB10B05 and S. c. IBB10B05-Gal2M strains.  

Parameter S. c. IBB10B05  S. c. IBB10B05-Gal2M 

Start OD600/End OD600 0.2/9.1 0.3/6.3 

µ [1/h] a 0.06 0.04 

Yethanol [gEtOH/gXyl]a 0.30 0.22 

Volumetric xylose uptake rate [gXyl/(L*h)]  0.66 0.48 

Specific xylose uptake rate [gXyl/(gCDW*h)]b 0.54 0.62 

Volumetric ethanol productivity [gETOH/(L*h)] 0.17 0.14 

Specific ethanol productivity [gETOH/(gCDW*h)]b 0.14 0.18 

a M.D’s on µ and yields were ≤ 5 %. b M.D’s on specific xylose uptake rates and specific ethanol productivities  

were up to 46 %.  

 

The ethanol yield obtained with the strain S. c. IBB10B05 (0.30 g/g) was 1.4-fold higher than the yield 

obtained with the S. c. IBB10B05-Gal2M (0.22 g/g) strain. Similarly, the product yield of the strain S. c. 

IBB10B05-Xut1 (0.18 g/g) was 1.2-fold decreased compared to the ethanol yield of S. c. IBB10B05-
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p427TEF (0.21 g/g). The differences in the yields of the S. c. IBB10B05 and S. c. IBB10B05-Gal2M strains 

can be reasoned by differences in the growth rates of the respective strains. The transporter-containing 

strain S. c. IBB10B05-Gal2M was growing slower than the transporter-free reference strain and thus less 

biomass was formed that was capable of xylose reduction (see Figure 11). Additional metabolic pressure, 

caused by the presence of the p427TEF-Gal2_N376F plasmid, can be mentioned as a reason for decreased 

cell proliferation.  

 

Considering experimental errors, there were no significant differences in the specific xylose uptake rates 

of the strains S. c. IBB10B05 (0.54 gXyl/(gCDW*h)) and S. c. IBB10B05-Gal2M (0.62 gXyl/(gCDW*h)). Also, 

specific ethanol productivities were similar (0.14 gEtOH/(gCDW*h) and 0.18 gEtOH/(gCDW*h), respectively). 

This applies also to specific xylose uptake rates and ethanol productivities of S. c. IBB10B05-p427TEF 

(0.65 gXyl/(gCDW*h)/0.21 gEtOH/(gCDW*h)) and S. c. IBB10B05-Xut1 (0.69 gXyl/(gCDW*h)/0.23 

gEtOH/(gCDW*h)). 

 

Table 14: List of ethanol yields, xylose uptake rates and ethanol productivities of anaerobic batch conversions of the S. 
c. IBB10B05-p427TEF and S. c. IBB10B05-Xut1 strains. 

Parameter S. c. IBB10B05-

p427TEF  

S. c. IBB10B05-XUT1 

Start OD600/End OD600 0.2/5.4 0.2/4.1 

µ [1/h] a 0.05 0.05 

Yethanol [gEtOH/gXyl]a 0.21 0.18 

Volumetric xylose uptake rate [gXyl/(L*h)]  0.34 0.29 

Specific xylose uptake rate [gXyl/(gCDW*h)]b 0.65 0.69 

Volumetric ethanol productivity [gETOH/(L*h)] 0.11 0.10 

Specific ethanol productivity [gETOH/(gCDW*h)]b 0.21 0.23 

a M.D’s on µ and yields were ≤ 10 %. b M.D’s on specific xylose uptake rates and specific ethanol productivities  

were up to 45 %.  

 

The masking effect of the native hexose transporters should be excludable, due to the ability of all S. c. 

IBB10B05 derived strains of growing solely on xylose as the carbon source. Thus, expression problems 

of the transporters were strongly assumed (see section 3.6). Furthermore, the assay conditions for the 

detection of xylose uptake need to be considered. Inability of detecting significant differences in the 

xylose uptake rates can also result from a too low sensitivity of the assay. Other research groups used 
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[14C]-labeled xylose for the uptake experiments [17, 25, 42, 54]. Additionally, the experimental set up of 

this work generally differs from those of other research groups concerning the xylose concentration that 

was used [17, 25]. Transport has been speculated to be a problem at lower concentrations, due to the 

fact that the enzymes in the xylose metabolic pathway have poor affinities to their substrates [24]. 

Despite this suggestion, in the current study 15 g/L , 40 g/L and 50 g/L of xylose were used, because in 

lignocellulosic hydrolysates xylose content is rather high. Therefore, a S. cerevisiae strain that is capable 

of effective incorporation and metabolization of high xylose concentrations would be beneficial. 
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Figure 11: Xylose utilization and product formation during anaerobic batch conversion in airproof, sealed flask cultivation of S. c. IBB10B05 [A] and S. c. 
IBB10B05-Gal2M [B]. Xylose, xylitol, glycerol, ethanol, acetate and glucose were analyzed by HPLC. Growth was monitored via OD600 determination. Xylose uptake 
profiles and slopes of S. c. IBB10B05 and S. c. IBB10B05-Gal2M are shown in panel C. 
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Figure 12: Xylose utilization and product formation during anaerobic batch conversion in airproof, sealed flask cultivation of S. c. IBB10B05-p427TEF [A] 
and S. c. IBB10B05-Xut1 [B]. Xylose, xylitol, glycerol, ethanol, acetate and glucose were analyzed by HPLC. Growth was monitored via OD600 determination. Xylose 
uptake profiles and slopes of S. c. IBB10B05-p427TEF and S. c. IBB10B05-XUT1 are shown in panel C. 
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3.6 Analysis of Gal2_N376F transporter expression 

To determine if the Gal2_N376F transporter was overexpressed in the respective yeast strains, a 

Strep-TagII was added C-terminally to the nucleotide sequence of the transporter-gene. Using the 

p427TEF plasmid, the tagged transporter was expressed in S. c. XR (2µ) and S. c. IBB10B05. Liquid 

cultures were harvested in the mid exponential phase, cells were disrupted and both fractions, crude 

cell extract (lysate) and cell pellet, were subjected to SDS-PAGE and Western Blot analysis. As a 

positive control served the strep-tagged glycosytranferase UGT71A15 which has a size of  ̴ 55 kDa. As 

negative controls served the strains S. c. XR (2µ), S. c. IBB10B05, S. c. XR (2µ) Gal2M and S. c. 

IBB10B05-Gal2M. Figure 13 shows the SDS-PAGE gel. Unfortunately, the gel was overloaded by 

applying 15 µl of the respective protein samples. As a result protein bands were not clearly separated 

in the lysate fractions and only a broad smear was detected in the pellet samples. Taken together, 

from the SDS-PAGE gel it was not possible to verify overexpression of the Gal2_N376F-Strep protein, 

which has a molecular weight of 64.9 kDa. No bands were visible in the lysate of the S. c. IBB10B005-

Gal2M-Strep strain, due to a problem with sample loading onto the gel.  
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Figure 13: Separation of protein extracts via SDS-PAGE. Pos: positive control Strep-tagged 
glycosytranferase UGT71A15 ( ̴55 kDA); Std: Page Ruler Prestained Protein Ladder. L: Lysate 
fractions. P: Pellet fractions.  

 

The Western Blot analysis (Figure 14) resulted in visible bands at the size of  ̴ 60 kDa in most of the 

lysate fractions and all pellet fractions, even in the negative controls where no Strep-Tag has been 

added. At first sight this indicates unspecific binding of the Strep-Tag antibody to a protein that is 

mainly present in the cell debris/cell membranes of S. cerevisiae. Bands at 64.9 kDa were expected 

for the Strep-tagged Gal2_N376F transporter in the pellet fractions of the strains that expressed this 

protein. Considering the anomalous behavior of some proteins in SDS-PAGE, a potential attack by 

proteases in the cell or during sample processing, together with the minor difference in the size of the 

detected protein and the molecular weight of the Gal2_N376F transporter, it cannot be totally 

excluded that the Strep-Tag antibody has bound a sequence in the yeast’s native GAL2 transporter 

(63.6 kDa). But even if the band at 60 kDa referred to the Gal2 protein, no overexpression of the 

recombinant mutant was indicated since no significant difference was visible in the thickness of the 

bands in the control strains and the strains that were supposed to express the transporter. Referring 

to the obtained results, it seemed as if the Gal2_N376F transporter was not (over)expressed. Possible 
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reasons can be inappropriate choice of the expression plasmid and/or the promoter. It was shown 

before that strong overexpression, as it is achieved with the TEF1 promoter [55–58], can be 

problematic due to non-saturating levels of transcription factors [59]. Additional reasons for 

detection problems can be incorrect protein folding and/or intracellular protein degradation. 

However, these factors can mainly be excluded because Gal2 is a S. cerevisiae transport protein and 

should be folded correctly in the native host. Kasahara et al. showed that the addition of a C-terminal 

GFP-Tag to the native Gal2 transporter did not lead to misstrafficking [60], therefore a shorter tag 

should also not influence the targeting of the transporter to the plasma membrane. Furthermore, the 

addition of a Strep-Tag did not impair protein expression and detection of several membrane proteins 

in other hosts such as E. coli, L. lactis and A. thaliana [61]. An additional method to confirm protein 

expression was shown by the working group of Hector et al. They cloned the At5g59250 and 

At5g17010 transporter genes from A. thaliana in frame with a C-terminal V5 epitope and used anti-

V5-FITC antibodies for the detection of the transporters via Western Blot. The localization of the 

transporters to the plasma membrane was proofed with fluorescence microscopy [33]. Furthermore, 

the comparison with the results of other working groups showed that the expression of the 

Gal2_N376F transporter should be possible. Differences in the choice of the plasmid and the promoter 

exist: Farwick et al. for example used a shortened HXT7 promoter for the expression of the 

GAL2_N376F transporter gene. If the transporters enhanced the xylose uptake rates no proof of the 

expression was necessary. Some of the working groups confirmed transcription of each transporter 

candidate via Real-time Reverse Transcription-PCR measurements [17, 28]. 

 

The inconclusive results of the expression-analysis of the Gal2_N376F transporter fit to the 

conversion experiments. There is no increase in the xylose uptake profile in any of the tested strains, 

which can be a result of missing protein expression or functionality. The decrease in the xylose uptake 

profile that was obtained in the strains harboring the GAL2_N376F transporter gene compared to the 

reference strains can eventually be explained by the metabolic burden that is imposed to the 

microorganism when a protein is overexpressed but subsequently degraded. It is also questionable if 

the Xut1 transporter was expressed, because the same plasmid p427-TEF was used for the 

recombinant expression of the transporter. If there was a problem with the promoter (strength) it is 

likely that the same problem existed for the Xut1 transporter. Additionally, the Xut1 transporter is no 

native S. cerevisiae transporter which may have caused problems with translation, targeting to the 

membrane or protein folding. The comparison with the work of Jeffries et al. showed that the 

expression of the Xut1 transporter is possible. They cloned the XUT1 transporter gene under the 

control of the TDH3 promoter [17].  
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Figure 14: Western Blot analysis of the expression of the Gal2_N376F transporter 
tagged with a Strep-TagII. Pos: positive control Strep-tagged glycosytranferase UGT71A15 
(̴ 55 kDA); Std 1: Page Ruler Prestained Protein Ladder. Std 2: peqGOLD Protein-Marker II 
(‘Strep-tagged). L: Lysate fractions. P: Pellet fractions. Bands at  ̴ 60 kDa are visible in all 
pellet fractions. In the lysate fractions the bands are pale and no bands are visible in the 
lysate fractions of S. c. XR (2µ)-Gal2M-Strep and S. c. IBB10B05-Gal2M-Strep.  
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4 Conclusion 

Lignocellulosic hydrolysates contain mixed sugars (glucose, xylose and arabinose), therefore, the 

development of a microbial strain capable of fermenting mixed sugars simultaneously is vital for 

implementing economic conversion processes producing xylitol or biofuels [41]. Although numerous 

approaches to enhance xylose uptake and to overcome the repression by glucose inhibition have been 

demonstrated, the simultaneous consumption of these two sugars could not be realized so far with 

xylose uptake rates comparable to glucose consumption rates [25, 41]. Thus, our approach was to 

overcome this problem by engineering the xylose uptake capacity of a S. cerevisiae strain with the 

recombinant expression of a xylose specific transporter. In the current study the Gal2_N376F mutant 

and the Xut1 transporter were used to increase the xylose uptake capacity of the strains S. c. XR (g), 

S. c. XR (2µ) and S. c. IBB10B05. Summarizing, the proposed strategy of setting the selected 

transporters under the control of the strong and constitutive TEF1 promoter did not lead to the 

expected results. It was not possible to detect a significant difference in maximal specific xylose 

uptake rates and maximal specific productivities of the constructed strains and the transporter-free 

controls when co-fermentation of xylose and glucose was investigated. In order to be able to exclude 

a masking effect of native hexose transporters by the co-substrate glucose, batch conversions with 

ethanol as the co-substrate and anaerobic conversions with xylose as the sole carbon source were 

performed. However, it was still impossible to detect significant differences in xylose uptake 

behavior. Expression analysis of the Gal2_N376F transporter led to inconclusive results. Considering 

the obtained data from Western Blot analysis, it was impossible to proof the expression of the 

recombinant protein. If Western Blot analysis gave false negative results and the transporter(s) were 

actually expressed, they did not increase the xylose uptake capacity of the tested S. cerevisiae strains, 

which possessed all the natively present transporters. Thus, with the applied set-up, we were so far 

not able to enhance the xylitol or ethanol production in XR or XR-XDH-XKS expressing S. cerevisiae 

strains.  

 

For future work it is necessary to solve the expression problem of the transporters and to find an 

assay that might overcome detection or sensitivity problems. This might be possible by measuring 

the internal xylose content when having a strain that does not harbor the XR gene but expresses the 

additional transporter genes. 
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6 Appendix 

6.1 DNA and Protein Sequences 

The accession numbers of the genes expressed in this work are found in Table 15.  

 

 
Table 15: Accession numbers of the GAL2 and the XUT1 gene  

Gene  Accession number Length [bp] 

Gal2  P13181 574 

XUT1 A3LY10 566 

 

DNA Sequence of XUT1 flanked with 5’-BamHI and 3’-XmaI 

Restriction sites are marked in grey and the start codon is marked in yellow.  

 

GGATCCATGCACGGTGGTGGTGACGGTAACGATATCACAGAAATTATTGCAGCCAGACGTCTCCAGATCGC

TGGTAAGTCTGGTGTGGCTGGTTTAGTCGCAAACTCAAGATCTTTCTTCATCGCAGTCTTTGCATCTCTTG

GTGGATTGGTCTACGGTTACAATCAAGGTATGTTCGGTCAAATTTCCGGTATGTACTCATTCTCCAAAGCT

ATTGGTGTTGAAAAGATTCAAGACAATCCTACTTTGCAAGGTTTGTTGACTTCTATTCTTGAACTTGGTGC

CTGGGTTGGTGTCTTGATGAACGGTTACATTGCTGATAGATTGGGTCGTAAGAAGTCAGTTGTTGTCGGTG

TTTTCTTCTTCTTCATCGGTGTCATTGTACAAGCTGTTGCTCGTGGTGGTAACTACGACTACATCTTAGGT

GGTAGATTTGTCGTCGGTATTGGTGTGGGTATTCTTTCTATGGTTGTGCCATTGTACAATGCTGAAGTTTC

TCCACCAGAAATTCGTGGTTCTTTGGTTGCTTTGCAACAATTGGCTATTACTTTCGGTATTATGATTTCTT

ACTGGATTACCTACGGTACCAACTACATTGGTGGTACTGGCTCTGGTCAAAGTAAAGCTTCTTGGTTGGTT

CCTATTTGTATCCAATTGGTTCCAGCTTTGCTCTTGGGTGTTGGTATCTTCTTCATGCCTGAGTCTCCAAG

ATGGTTGATGAACGAAGACAGAGAAGACGAATGTTTGTCCGTTCTTTCCAACTTGCGTTCCTTGAGTAAGG

AAGATACTCTTGTTCAAATGGAATTCCTTGAAATGAAGGCACAAAAGTTGTTCGAAAGAGAACTTTCTGC

AAAGTACTTCCCTCACCTCCAAGACGGTTCTGCCAAGAGCAACTTCTTGATTGGTTTCAACCAATACAAGT

CCATGATTACTCACTACCCAACCTTCAAGCGTGTTGCAGTTGCCTGTTTAATTATGACCTTCCAACAATGG

ACTGGTGTTAACTTCATCTTGTACTATGCTCCATTCATCTTCAGTTCTTTAGGTTTGTCTGGAAACACCAT

TTCTCTTTTAGCTTCTGGTGTTGTCGGTATCGTCATGTTCCTTGCTACCATTCCAGCTGTTCTTTGGGTCGA

CAGACTTGGTAGAAAGCCAGTTTTGATTTCCGGTGCCATTATCATGGGTATTTGTCACTTTGTTGTGGCTG

CAATCTTAGGTCAGTTCGGTGGTAACTTTGTCAACCACTCCGGTGCTGGTTGGGTTGCTGTTGTCTTCGTT
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TGGATTTTCGCTATCGGTTTCGGTTACTCTTGGGGTCCATGTGCTTGGGTCCTTGTTGCCGAAGTCTTCCCA

TTGGGTTTGCGTGCTAAGGGTGTTTCTATCGGTGCCTCTTCTAACTGGTTGAACAACTTCGCTGTCGCCAT

GTCTACCCCAGATTTTGTTGCTAAGGCTAAGTTCGGTGCTTACATTTTCTTAGGTTTGATGTGTATTTTCG

GTGCCGCATACGTTCAATTCTTCTGTCCAGAAACTAAGGGTCGTACCTTGGAAGAAATTGATGAACTTTTC

GGTGACACCTCTGGTACTTCCAAGATGGAAAAGGAAATCCATGAGCAAAAGCTTAAGGAAGTTGGTTTGC

TTCAATTGCTCGGTGAAGAAAATGCTTCTGAATCCGAAAACAGCAAGGCTGATGTCTACCACGTTGAAAAA

TAACCCGGG 

 

DNA Sequence of Gal2_N376F flanked with 5’-XmaI and 3’- EcoRI 

Restriction sites are marked in grey, start codon is marked in yellow and the N376F mutation is 

marked green.  

 

CCCGGGATGGCAGTTGAGGAGAACAATATGCCTGTTGTTTCACAGCAACCCCAAGCTGGTGAAGACGTGAT

CTCTTCACTCAGTAAAGATTCCCATTTAAGCGCACAATCTCAAAAGTATTCTAATGATGAATTGAAAGCCG

GTGAGTCAGGGTCTGAAGGCTCCCAAAGTGTTCCTATAGAGATACCCAAGAAGCCCATGTCTGAATATGTT

ACCGTTTCCTTGCTTTGTTTGTGTGTTGCCTTCGGCGGCTTCATGTTTGGCTGGGATACCGGTACTATTTCT

GGGTTTGTTGTCCAAACAGACTTTTTGAGAAGGTTTGGTATGAAACATAAGGATGGTACCCACTATTTGTC

AAACGTCAGAACAGGTTTAATCGTCGCCATTTTCAATATTGGCTGTGCCTTTGGTGGTATTATACTTTCCA

AAGGTGGAGATATGTATGGCCGTAAAAAGGGTCTTTCGATTGTCGTCTCGGTTTATATAGTTGGTATTATC

ATTCAAATTGCCTCTATCAACAAGTGGTACCAATATTTCATTGGTAGAATCATATCTGGTTTGGGTGTCGG

CGGCATCGCCGTCTTATGTCCTATGTTGATCTCTGAAATTGCTCCAAAGCACTTGAGAGGCACACTAGTTT

CTTGTTATCAGCTGATGATTACTGCAGGTATCTTTTTGGGCTACTGTACTAATTACGGTACAAAGAGCTAT

TCGAACTCAGTTCAATGGAGAGTTCCATTAGGGCTATGTTTCGCTTGGTCATTATTTATGATTGGCGCTTT

GACGTTAGTTCCTGAATCCCCACGTTATTTATGTGAGGTGAATAAGGTAGAAGACGCCAAGCGTTCCATTG

CTAAGTCTAACAAGGTGTCACCAGAGGATCCTGCCGTCCAGGCAGAGTTAGATCTGATCATGGCCGGTATA

GAAGCTGAAAAACTGGCTGGCAATGCGTCCTGGGGGGAATTATTTTCCACCAAGACCAAAGTATTTCAACG

TTTGTTGATGGGTGTGTTTGTTCAAATGTTCCAACAATTAACCGGTAACAATTATTTTTTCTACTACGGTA

CCGTTATTTTCAAGTCAGTTGGCCTGGATGATTCCTTTGAAACATCCATTGTCATTGGTGTAGTCTTCTTT

GCCTCCACTTTCTTTAGTTTGTGGACTGTCGAAAACTTGGGACATCGTAAATGTTTACTTTTGGGCGCTGC

CACTATGATGGCTTGTATGGTCATCTACGCCTCTGTTGGTGTTACTAGATTATATCCTCACGGTAAAAGCC

AGCCATCTTCTAAAGGTGCCGGTAACTGTATGATTGTCTTTACCTGTTTTTATATTTTCTGTTATGCCACA

ACCTGGGCGCCAGTTGCCTGGGTCATCACAGCAGAATCATTCCCACTGAGAGTCAAGTCGAAATGTATGGC

GTTGGCCTCTGCTTCCAATTGGGTATGGGGGTTCTTGATTGCATTTTTCACCCCATTCATCACATCTGCCAT

TAACTTCTACTACGGTTATGTCTTCATGGGCTGTTTGGTTGCCATGTTTTTTTATGTCTTTTTCTTTGTTC
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CAGAAACTAAAGGCCTATCGTTAGAAGAAATTCAAGAATTATGGGAAGAAGGTGTTTTACCTTGGAAATC

TGAAGGCTGGATTCCTTCATCCAGAAGAGGTAATAATTACGATTTAGAGGATTTACAACATGACGACAAA

CCGTGGTACAAGGCCATGCTAGAATAAGAATTC 

 

DNA Sequence of Gal2_N376F with the C-terminally attached Strep-Tag sequence flanked with 5’-XmaI 

and 3’- EcoRI 

Restriction sites are marked in grey, start codon is marked in yellow, the N376F mutation is marked 

green and the Strep-Tag sequence is marked in pink.  

 

CCCGGGATGGCAGTTGAGGAGAACAATATGCCTGTTGTTTCACAGCAACCCCAAGCTGGTGAAGACGTGAT

CTCTTCACTCAGTAAAGATTCCCATTTAAGCGCACAATCTCAAAAGTATTCTAATGATGAATTGAAAGCCG

GTGAGTCAGGGTCTGAAGGCTCCCAAAGTGTTCCTATAGAGATACCCAAGAAGCCCATGTCTGAATATGTT

ACCGTTTCCTTGCTTTGTTTGTGTGTTGCCTTCGGCGGCTTCATGTTTGGCTGGGATACCGGTACTATTTCT

GGGTTTGTTGTCCAAACAGACTTTTTGAGAAGGTTTGGTATGAAACATAAGGATGGTACCCACTATTTGTC

AAACGTCAGAACAGGTTTAATCGTCGCCATTTTCAATATTGGCTGTGCCTTTGGTGGTATTATACTTTCCA

AAGGTGGAGATATGTATGGCCGTAAAAAGGGTCTTTCGATTGTCGTCTCGGTTTATATAGTTGGTATTATC

ATTCAAATTGCCTCTATCAACAAGTGGTACCAATATTTCATTGGTAGAATCATATCTGGTTTGGGTGTCGG

CGGCATCGCCGTCTTATGTCCTATGTTGATCTCTGAAATTGCTCCAAAGCACTTGAGAGGCACACTAGTTT

CTTGTTATCAGCTGATGATTACTGCAGGTATCTTTTTGGGCTACTGTACTAATTACGGTACAAAGAGCTAT

TCGAACTCAGTTCAATGGAGAGTTCCATTAGGGCTATGTTTCGCTTGGTCATTATTTATGATTGGCGCTTT

GACGTTAGTTCCTGAATCCCCACGTTATTTATGTGAGGTGAATAAGGTAGAAGACGCCAAGCGTTCCATTG

CTAAGTCTAACAAGGTGTCACCAGAGGATCCTGCCGTCCAGGCAGAGTTAGATCTGATCATGGCCGGTATA

GAAGCTGAAAAACTGGCTGGCAATGCGTCCTGGGGGGAATTATTTTCCACCAAGACCAAAGTATTTCAACG

TTTGTTGATGGGTGTGTTTGTTCAAATGTTCCAACAATTAACCGGTAACAATTATTTTTTCTACTACGGTA

CCGTTATTTTCAAGTCAGTTGGCCTGGATGATTCCTTTGAAACATCCATTGTCATTGGTGTAGTCTTCTTT

GCCTCCACTTTCTTTAGTTTGTGGACTGTCGAAAACTTGGGACATCGTAAATGTTTACTTTTGGGCGCTGC

CACTATGATGGCTTGTATGGTCATCTACGCCTCTGTTGGTGTTACTAGATTATATCCTCACGGTAAAAGCC

AGCCATCTTCTAAAGGTGCCGGTAACTGTATGATTGTCTTTACCTGTTTTTATATTTTCTGTTATGCCACA

ACCTGGGCGCCAGTTGCCTGGGTCATCACAGCAGAATCATTCCCACTGAGAGTCAAGTCGAAATGTATGGC

GTTGGCCTCTGCTTCCAATTGGGTATGGGGGTTCTTGATTGCATTTTTCACCCCATTCATCACATCTGCCAT

TAACTTCTACTACGGTTATGTCTTCATGGGCTGTTTGGTTGCCATGTTTTTTTATGTCTTTTTCTTTGTTC

CAGAAACTAAAGGCCTATCGTTAGAAGAAATTCAAGAATTATGGGAAGAAGGTGTTTTACCTTGGAAATC

TGAAGGCTGGATTCCTTCATCCAGAAGAGGTAATAATTACGATTTAGAGGATTTACAACATGACGACAAA

CCGTGGTACAAGGCCATGCTAGAATCAGCTTGGTCACATCCTCAGTTCGAGAAATAAGAATTC 
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6.2 Batch Conversion Diagrams 

 
Figure 15: Xylose utilization and product formation during batch conversion in shake flask cultivation of S. c. XR (g)-p427TEF [A, C], and S. c. XR (g)-Xut 1 [B, 
D] over a time period of 56 hours, using glucose or ethanol as the cosubstrate. Xylose, xylitol, glycerol, ethanol, acetate and glucose were analyzed by HPLC. Growth 
was monitored via OD600 determination.  
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6.3 Instruments and devices 

Centrifuges: 

 Centrifuge “Eppifuge” 5415R: Eppendorf AG, Hamburg, Germany 

 Centrifuge 5804R “tube 15 mL, 50 mL”: Eppendorf AG, Hamburg, Germany 

 Centrifuge Sorvall Evolution RC: Thermo Fisher Scientific, Waltham, USA 

 

Thermocycler: 

iCycler thermal cycler (serial number 582BR): Bio-Rad Laboratories Ges.m.b.H, Vienna, 

Austria 

MyCyclerTM thermal cycler (serial number 578BR): Bio-Rad Laboratories Ges.m.b.H, Vienna, 

Austria 

AB 2720 Thermo Cycler: Applied Biosystems®, Vienna, Austria 

 

Thermomixer: 

 Thermomixer comfort: Eppendorf AG, Hamburg, Germany 

 

Shaker: 

 Certomat® BS-1: Sartorius Stedim Austria GmbH, Vienna, Austria 

 Pilot-Shaker: Adolf Küher AG, Basel, Switzerland 

 

Spectrophotometer: 

DU 800 Spectrophotometer: Beckman Coulter Inc, Fullerton, CA, US 

DeNovix DS-11 UV-Vis Spectrophotmeter “Nanodrop”: DeNovix Inc., Wilmington, USA 

 

HPLC: 

 LaChrom HPLC system: Merck – Hitachi LaChrom (Darmstadt, Germany - San Jose, USA) 

 Pump L-7100 

 RI detector L-7490 

 Autosampler L-7250 

 HPLC system manager software D-7000 
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Shimadzu HPLC system: Shimadzu Scientific Instruments, Columbia, U.S.A. 

 Pump LC-20AD 

 RI detector 10-A 

 Autosampler SIL-20AC 

 Labsolutions software – LCMS 2020 

 

Additional Instruments and devices:  

 Micro PulserTM (electroporation device): Bio-Rad Laboratories Ges.m.b.H, Vienna, Austria 

SONOREX DIGITC DT255 Ultrasonic bath: BANDELIN electronic GmbH & Co. KG, Berlin,    

Germany 

pH meter 691: Metrohm AG, Herisau, Switzerland 

pH meter inoLab 720: WTW Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, 

Germany 

 

 

 

 

 


