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ABSTRACT 

Lignocellulosic biomass yields after hydrolysis, besides the hexose D- 
glucose, D-xylose and L-arabinose as main pentose sugars. In second 
generation bioethanol production utilizing the yeast Saccharomyces 
cerevisiae, it is critical that all three sugars are co-consumed to obtain 
an economically feasible and robust process. Since S. cerevisiae is un-
able to metabolize pentose sugars, metabolic pathway engineering has 
been employed to introduce the respective pathways for D-xylose and 
L-arabinose metabolism. However, S. cerevisiae lacks specific pentose 
transporters, and pentose sugars enter the cell with low affinity via 
glucose transporters of the HXT family. Therefore, in the presence of 
D-glucose, D-xylose and L-arabinose utilization is poor as the Hxt trans-
porters prefer D- glucose. To optimize pentose transport in S. cerevisiae, 
heterologous expression of various pentose transporters has been 
attempted but often with limited success due to poor expression and 
stability, and/or low turnover. A more successful approach is the mu-
tagenesis of the endogenous HXT transporter family and evolutionary 
selection for D-glucose insensitive growth on pentose sugars. This has 
led to the identification of a critical and conserved asparagine in HXT 
transporters that when mutated reduces the D-glucose affinity while 
leaving the D-xylose affinity mostly unaltered. When such mutants are 
employed in fermentation experiments, co- consumption of D-xylose 
and D-glucose at industrial concentrations can be achieved. Further 
improvements are obtained by employing HXT transporters that are 
invariant to the post-translational inactivation at high or low D-glucose 
concentration. L-arabinose transport in S. cerevisiae is mediated via 
Gal2 and using the aforementioned evolutionary engineering approach, 
mutants of the conserved asparagine were obtained that reduced the 
D-glucose affinity. Transporter engineering solved the major limitations 
in pentose transport, and even allowed for co- consumption of sugars 
that is limited only by the rates of primary metabolism. 

Keywords: pentose transport, D-xylose, L-arabinose, yeast,  bioethanol

INTRODUCTION

BACKGROUND

Lignocellulosic biomass, from hardwood, softwood and agricultural 
residues, is generally regarded as a promising feedstock for the produc-
tion of sustainable energy fuels. Also because the readily fermentable 
agricultural feedstocks like sugar cane and corn interfere in the world 
food demand (1, 2). Lignocellulosic biomass is mainly composed of the 
carbohydrate polymers cellulose, hemicellulose and lignin in which the 
first two are substrates for bioethanol production (3). To release the 
sugars from the lignocellulosic biomass, hydrolysis is applied which 
yields a mixture of hexose (mainly from cellulose however also from 
hemicellulose) and pentose sugars (from hemicellulose). The majority of 
the hexose and pentose sugars is D-glucose and D-xylose, respectively, 
in a typical mass ratio of 2:1 (4–6). However, also L-arabinose (pentose) 
contributes up to 4.5 % of the total amount of carbohydrates in e.g., rice 
straw (6). In industrial fermentation processes, the yeast Saccharomyces 
cerevisiae is generally used for bioethanol production from lignocellulosic 
biomass. Since S. cerevisiae cannot naturally ferment pentose sugars like 
D-xylose and L-arabinose, it has been upgraded with specific pentose 
metabolism pathways. 

D-XYLOSE METABOLISM 

S. cerevisiae has been engineered into a D-xylose-fermenting strain via 
either the introduction of a xylose reductase and xylitol dehydrogenase 
(7, 8) or a fungal xylose isomerase (9–11) (Figure 1). In both pathways, 
xylulose is phosphorylated to xylulose-5-phospate, which is further 
metabolized through the pentose phosphate pathway (PPP). In the PPP, 
xylulose-5-phospate is converted into fructose-6-phosphate and glycer-
aldehyde-3-phosphate in a molar ratio of 2:1, and these phosphorylated 
compounds are subsequently metabolized via glycolysis. Various addi-
tional genetic modifications have been applied to both variants of these 
xylose-fermenting strains e.g., overexpression of the pentose phosphate 
pathway (12–16), deletion of the GRE3 gene (12, 14, 16, 17), deletion of 
the PMR1 gene (18) and many other genes as reviewed by Moyses (19). 
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INTRODUCTION INTRODUCTION 11

L-ARABINOSE METABOLISM

L-arabinose utilization has been investigated significantly less compared to 
D-xylose utilization due to the lower abundance of L-arabinose in lignocel-
lulosic biomass. Like D-xylose, L-arabinose can be utilized by S. cerevisiae 
via two pathways: an isomerization pathway consisting of L-arabinose 
isomerase (AraA), L-ribulokinase (AraB) and L-ribulose-5-P 4-epimerase 

(AraD) from bacteria such as Escherichia coli, Bacillus subtilis and Lactoba-
cillus plantarum (20–22) or a reduction/oxidation-based pathway con-
sisting of an aldose reductase (AR), L-arabinitol 4-dehydrogenase (LAD), 
L- xylulose reductase (LXR), D-xylulose reductase (XDH) and a xyluloki-
nase (XK) (23–25). L-arabinose metabolism continues, in both variants 
of L- arabinose metabolism, in the formation of D-xylulose-5-phosphate 
(Figure 1). Therefore, the PPP genes were also over-expressed yielding 
increased L-arabinose consumption rates (21, 22, 24, 25).

MONOSACCHARIDE TRANSPORT IN YEAST

Sugar transport is facilitated by the sugar porter (SP) family which is 
the largest within the major facilitator superfamily (MFS), and includes 
proteins from bacteria, archaea and eukaryotes, with a high level of 
functional similarity (26–28). Although the proteins belonging to the 
MSF family exhibit strong structural conservation, they may share little 
sequence similarity (29). These permeases consist of two sets of six 
hydrophobic transmembrane-spanning (TMS) α-helices connected by a 
hydrophilic loop. In yeasts, many monosaccharide transporters operate 
by facilitated diffusion, an energy-independent mechanism that equil-
ibrates the monosaccharide concentration in the cytoplasm with that 
of the extracellular medium. In sugar transporters six conserved motifs 
have now been found, irrespective of their mechanism or substrate spec-
ificity (26, 27, 30–33). D-glucose transport in S. cerevisiae is mediated 
by the hexose transporter (Hxt) family of sugar transporters (34, 35).
These transporters mediate facilitated diffusion of the hexose sugars and 
are usually of low affinity and high capacity. A strain, in which the main 
sugar transporter genes HXT1–17 and GAL2 were deleted, was found 
to be unable to grow on D-glucose (36). A similar deletion strain, lacking 
the main expressed hexose transporters (Hxt1–7 and Gal2) shows only 
minor growth rates on D-glucose (Nijland JG et.al., unpublished data). 

HETEROLOGOUS EXPRESSION OF PENTOSE TRANSPORTERS

S. cerevisiae lacks specific D-xylose transporters, but still is capable 
of D-xylose transport via the endogenous HXT family of D-glucose 

Figure 1. Main sugar consumption pathways in S. cerevisiae. The proteins de-
picted in blue belong the glycolysis and ethanol production (fermentation). Pro-
teins in red are homologous over-expressed proteins of the pentose phosphate 
pathway (PPP) and AR; the aldose/xylose/arabinose reductase (EC:1.1.1.21) 
which is over-expressed in the yeast strains expressing XDH (xylitol dehydroge-
nase; EC:1.1.1.9) but is deleted in yeast strains expressing XI (xylose isomerase; 
EC:5.3.1.5). In green are depicted the heterologous over-expressed proteins 
to metabolize D-xylose (XI and XDH) and the proteins for L-arabinose metab-
olism (araA (isomerase; EC:5.3.1.4), araB (ribulokinase; EC:2.7.1.16) and araD 
(epimerase; EC:5.1.3.4)). To prevent arabitol formation in an L- arabinose con-
suming yeast strain expressing the araBAD pathway the AR (aldose reductase; 
EC:1.1.1.21; GRE3 gene) was deleted. The AR was however over- expressed 
in the L-arabinose pathway expressing ADH (L- arabinitol 4-dehydrogenase; 
EC:1.1.1.12) and XR (L-xylulose reductase; EC:1.1.1.10). Modified from De 
Waal P.P., patent WO2003/062430 and WO2008/041840
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INTRODUCTION INTRODUCTION 13

transporters. Since this transport is of low affinity, it is readily out-
competed by D-glucose. This implies that cells only start to transport 
and metabolize the D-xylose once the D-glucose is depleted which is 
undesirable for a robust industrial bioethanol process that must rely 
on the co-consumption of the sugars available in the growth medium. 
To circumvent this problem, various studies have attempted to provide 
S. cerevisiae with a specific D-xylose transporter from a heterologous 
source. These studies are summarized in this section.

HETEROLOGOUS XYLOSE TRANSPORTERS

CiGxf1 and CiGxs1 

Two transporters have been isolated from Candida intermedia PYCC 
4715: the high-capacity and low-affinity D-glucose/D-xylose facilitated 
diffusion transporter CiGxf1 and the high-affinity D-xylose-proton sym-
porter CiGxs1. Both genes were expressed in S. cerevisiae and the kinetic 
parameters of D-glucose and D-xylose transport were determined 
(Table 1). CiGxf1 was expressed in the various recombinant xylose- 
fermenting S. cerevisiae strains in which it displayed approximately a 
two-fold lower Km value for D-xylose transport compared to a control 
strain that relies on the endogenous set of HXT transporters. In aerobic 
batch cultivation, the specific growth rate was significantly higher at low 
D-xylose concentration (4 g/L), when CiGxf1 was expressed, whereas 
it remained unchanged at high D-xylose concentration (40 g/L). These 
results suggest recombinant xylose-utilizing S. cerevisiae only benefit 
from such specific transporters at low D-xylose concentrations (37–40). 
Furthermore, CiGxf1 was used in various S. cerevisiae strains and con-
tributed to increased growth and D-xylose consumption rate (38, 39, 
41). CiGxs1 is the first yeast D-xylose/D-glucose-H+ symporter to be 
characterized at the molecular level (42). Unlike facilitated diffusion, 
coupling to the proton motive force allows cells to accumulate the sug-
ars against their concentration gradient even at low extracellular sugar 
concentrations. Such conditions can be favorable in order to saturate 
the intracellular metabolic enzymes such as the xylose isomerase that 
exhibits a low affinity for its substrates (43). Overexpression of CiGxs1 
improved D-xylose consumption and ethanol production in a yeast 

Table 1. Kinetics of endogenous and heterologous expressed xylose transport-
ers in S. cerevisiae

D-xylose D-glucose

Km 
(mM)

Vmax
(nmol/mgDW.

min)
Km 

(mM)
Vmax

(nmol/mgDW.
min)

Auteur

Hxt36 107.9 ± 12.1 62.5 ± 5.9 6.1 ± 0.1 60.2 ± 2 Nijland 2014

Hxt36 N367I 39.8 ± 5.6 23 ± 3 - ± 0 Nijland 2014

Hxt36 N367A 24.9 ± 3.4 29.1 ± 0.4 170.7 ± 37.8 70.7 ± 8.4 Nijland 2014

Hxt7 130 ± 9 110 ± 7 nd1) nd1) Saloheimo 2007

Hxt7 200.3 ± 13.2 67 ± 2 0.5 ± 0.1 26 ± 1.1 Farwick 2014

Hxt7 N370S 169.9 ± 26.3 24.1 ± 1.6 - ± 0 Farwick 2014

Hxt7 161.2 ± 22 101.6 ± 6.5 nd1) nd1) Apel 2015

Hxt7 F79S 228.8 ± 45.9 186.4 ± 20.1 nd1) nd1) Apel 2015

Gal2 225.6 ± 15.8 91.3 ± 3.2 1.5 ± 0.2 27.2 ± 0.9 Farwick 2014

Gal2 N376F 91.4 ± 8.9 37.3 ± 1.3 - ± 0 Farwick 2014

Gal2 N376V 168.3 ± 31.6 28.4 ± 2.3 22.1 ± 1.8 50.5 ± 1.4 Farwick 2014

Hxt11 84.2 ± 10 84.6 ± 2.4 33.4 ± 2.1 156.4 ± 7.6 Shin 2015

Hxt11 N376D 106.7 ± 21.7 86.5 ± 2 87 ± 6.4 197.8 ± 11.4 Shin 2015

Hxt11 N376T 46.7 ± 2.7 76.2 ± 4.8 194.4 ± 47.9 238.6 ± 7.4 Shin 2015

Hxt11 N376M 50.1 ± 9.7 65 ± 6.8 144.9 ± 36 143 ± 17.2 Shin 2015

CiGxf1 48.7 ± 6.5 10.8 ± 1.0 2) 2 ± 0.6 1.4 ± 0.2 2) Leandro 2006

CiGxs1 0.4 ± 0.1 0.39 ± 0.09 0.012 ± 0.004 0.0043 ± 0.00033 Leandro 2006

CiGxs1 0.026 ± 0.06 7.23 ± 0.6 nd1) nd1) Young 2014

CiGxs1 
F38I39M40

0.72 ± 0.12 15.01 ± 2.38 ± 0 ± 0 Young 2014

CiGxs1 0.08 ± 0.02 5.68 ± 0.3 nd1) nd1) Young 2012

CiGxs1 2.1 1.58 ± 0.49 11.03 ± 3.71 nd1) nd1) Young 2012

CiGxs1 2.2 1.2 ± 0.05 3.52 ± 0.27 nd1) nd1) Young 2012

CiGxs1 2.3 1.25 ± 0.32 10.91 ± 1.44 nd1) nd1) Young 2012

PsSut1 145 ± 1 132 ± 1 1.5 ± 0.1 45 ± 1 Weierstall 1999

PsSut2 49 ± 1 41 ± 1 1.1±0.1/55±11 3) 3.3±0.1/28±4 3) Weierstall 1999

PsSut3 103 ± 3 87 ± 2 0.8±0.1/31±0.13) 3.7±0.1/22±0.1 3) Weierstall 1999

SsXut3 4.09 ± 1.08 11.31 ± 2.31 nd1) nd1) Young 2012

SsXut3 1.1 2.02 ± 0.40 15.67 ± 0.87 nd1) nd1) Young 2012

SsXut3 1.2 1.73 ± 0.93 6.65 ± 2.64 nd1) nd1) Young 2012

AnHxtB 0.54 ± 0.08 19 ± 1.33 nd1) nd1) dos Reis 2016

1) not determined; 2) data extracted from figure; 3) data fitted more accurately to two transport 
 components
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INTRODUCTION INTRODUCTION 15

harboring an XI-based xylose metabolic pathway (40) but transport 
occurred at low rates, i.e., Vmax is 5 nmol/mgDW.min. Selection for im-
proved growth on D-xylose yielded transporter mutants with vastly im-
proved Vmax values (Table 1) and these displayed an increase in high cell 
density sugar consumption rates. Analysis of the mutations highlights 
several important residues influencing transporter function including a 
point mutation at F40 of CiGxs1 (44). Several other mutations (M40V, 
I117F and N326H), obtained via error-prone PCR, yielded a CiGxs1 
transporter with substantially improved D-xylose transport rates in the 
presence of D-glucose and even enabled co-utilization of D-glucose 
and D-xylose (45). Young et.al. rewired the CiGxs1 transporter into a 
more specific xylose transporter via mutagenesis of a conserved motif 
(G-G/F-X-X-X-G) yielding a mutant (CiGxs1 V38F L39I F40 M) that 
abrogated the D-glucose uptake and slightly increased the D-xylose 
uptake rate although D-glucose still inhibited growth on D-xylose (33). 

At5g59250/At5g17010

At5g59250 and At5g17010 are sugar transporters from Arabidopsis 
thaliana, and they were classified as xylose transporter homologs based 
on sequence similarity to known xylose–H+ symporters (46). These 
proteins were heterologous expressed in S. cerevisiae and found to 
correctly localize at the cell periphery using GFP fusion proteins. The 
respective stains showed increased levels of D-xylose accumulation 
compared to the control strain, but also the accumulation of D-glucose 
was improved (47). In a comparative analysis of various heterologous 
expressed sugar transporters, At5g59250 showed only a slight improve-
ment in the D-xylose uptake kinetics employing a strain harboring the 
native Hxt landscape, but it was not statistically significant. In contrast, 
the aforementioned CiGxf1 transporter showed the most significant 
improvement of D-xylose uptake and growth on D-xylose (48).

PsSut1, PsSut2 and PsSut3 

Pichia stipitis is an excellent xylose-fermenting organism and is fre-
quently used as a source for heterologous xylose transporters (49, 50). 

PsSut1, PsSut2 and PsSut3 encoding glucose transporters were ex-
pressed in a S. cerevisiae HXT null mutant strain, and all three proteins 
restored growth on D-glucose. The individual PcSut proteins showing 
Km values for D-glucose in the millimolar range whereas the affinity for 
D-xylose was considerably lower. PsSut2 showed the best affinity for 
D-xylose (49 mM) but PsSut1 exhibits a higher Vmax of 132 nmol/mgDW.
min (Table 1) (51). Furthermore, expression of PsSut1 in a xylose me-
tabolizing S. cerevisiae strain increased both the D-xylose uptake ability 
and ethanol productivity during D-xylose fermentation. A similar effect 
was observed for D-glucose using this transporter (52). Runquist et al. 
showed improved D-xylose uptake in a strain harboring the native 
Hxt landscape, and enhanced rates of D-xylose utilization upon the 
overexpression of PsSut1 however only when cells were grown on 
D-xylose (48). 

Mgt05196 

The transporter Mgt05196 was isolated from Meyerozyma guilliermondii, 
an anaerobic xylose metabolizing yeast that is equipped with high D- 
xylose transport rates. Several key amino acid residues of Mgt05196 
were analyzed by site-directed mutagenesis for improved D-xylose 
transport. The F432A and N360S mutations enhanced the D-xylose 
transport activities of Mgt05196. Furthermore, the N360F mutation 
corresponding to the conserved asparagine 376 in Gal2, rendered 
transport of D-xylose insensitive to D-glucose inhibition. Although this 
transporter was expressed heterologous in S. cerevisiae, growth rates 
on D-xylose were comparable, albeit slightly lower, to Gal2 supported 
growth on D-xylose (53). No kinetic data was recorded for Mgt05196.

SsXut1, SsXut3, SsHxt2.6 and SsQup2 

SsXut1 and SsXut3 of Scheffersomyces stipites exhibit moderate sugar 
transport rates but with a preference for D-xylose. When expressed 
in a S. cerevisiae HXT null strain these transporters also supported 
growth on D-glucose (54). D-xylose uptake via SsXut1was confirmed by 
high density fermentations on solely D-xylose or D-glucose/D-xylose 
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INTRODUCTION INTRODUCTION 17

(55). The E538K mutation in SsXut3 improved both the affinity and 
Vmax for D-xylose (see table 1), and also allowed better growth on low 
concentrations of D-xylose (56). In another approach, the HXT null 
strain (ΔHXT-7 and ΔGAL2) of xylose fermenting S. cerevisiae strain was 
transformed with a genomic DNA library from S. stipites and screened 
for sustaining growth on D-xylose. This led to the identification of three 
transporter genes, i.e., the previously identified SsXut1 permease and 
two new transporter genes, SsHXT2.6 and SsQUP2. High cell density 
fermentations using D-glucose and D-xylose showed that SsXut1 con-
sumed the highest amount of D-xylose as compared to SsHxt2.6 and 
SsQup2. Although no direct uptake studies were performed with these 
transporters, they also transport D-glucose and thus are not selective 
for D-xylose only (55). 

AnHxtB 

AnHxtB is a glucose transporter from the filamentous fungus Aspergillus 
nidulans (57). When expressed in an xylose fermenting S. cerevisiae 
HXT-null strain, AnHxtB supported growth on D-xylose, but growth was 
slow in line with the low Vmax (19 nmol/mgDW.min) of this transporter. 
AnHxtB however shows a high affinity for D-xylose, 0.54 mM (Table 1) 
but its performance on D-glucose was not tested (58). 

BsAraE 

In order to facilitate D-xylose transport and hence increase xylitol pro-
duction, an arabinose:H+ symporter (BsAraE) from Bacillus subtilis was 
expressed in the HXT null strain of S. cerevisiae. This resulted in a 4-fold 
increase in D-xylose consumption but no direct uptake experiments 
were performed. When BsAraE was overexpressed in a S. cerevisiae 
strain with the full hexose transporter landscape, D-xylose consumption 
and xylitol production was increased considerably. These experiments 
were carried out under D-glucose limiting conditions, thus the com-
petitive effect of D-glucose was not tested (59).

HETEROLOGOUS ARABINOSE TRANSPORTERS

AmLat1 and AmLat2 

AmLat1 and AmLat2 are specific L-arabinose transporters from the 
fermenting yeast Ambrosiozyma monospora. When AmLat1 and AmLat2 
were expressed in a S. cerevisiae mutant in which the main hexose 
transporters were deleted, L-arabinose transport was observed. These 
transporters could not restore growth on D-glucose, D-fructose, D- 
mannose or D-galactose suggesting a high specificity for L-arabinose. 
At 100 mM L-arabinose, AmLat1 and AmLat2 showed uptake rates of 
0.2 and 4 nmol/mgDW.min, respectively (Table 2), which is much lower 
than observed in A. monospora (60) indicating expression problems. 
An AmLat1-mCherry fusion transport protein was found to transport 
L-arabinose with high affinity (Km ≈ 0.03 mM) (61).

KmAxt1 and PgAxt1 

KmAxt1 and PgAxt1 are L-arabinose transporters from Kluyveromyces 
marxianus and Pichia guilliermondii, respectively. Both transporters 
are also capable of transporting D-xylose. The affinity of KmAxt1 and 
PgAxt1 for L-arabinose is 263 and 0.13 mM, respectively. The high af-
finity L-arabinose transporter PgAxt1 showed 30-fold lower transports 
rates compared to KmAxt1 (Table 2). Both D-glucose and D-xylose 
significantly inhibits L-arabinose transport by both transporters, which 
is unexpected as growth on D-glucose could not be restored. KmAxt1 
showed a better affinity for D-xylose than for L-arabinose, i.e., 27 versus 
263 mM, respectively. PgAxt1 however is highly specific for L-arabinose 
as only a low affinity was recorded for D-xylose, i.e., 65 mM (62). 

SsAraT 

SsAraT from the yeast S. stipitis was cloned and identified as L-arabinose 
transporter allowing growth of S. cerevisiae at low L-arabinose concen-
trations. This was confirmed in uptake experiments yielding an affinity 
of L-arabinose of 3.8 mM but with a low Vmax of 0.4 nmol/mgDW.min 



CH
A

PT
ER

 1

18

In
tr

od
uc

tio
n:

 P
en

to
se

 tr
an

sp
or

t i
n 

Sa
cc

ha
ro

m
yc

es
 c

er
ev

isi
ae

INTRODUCTION INTRODUCTION 19

(Table 2). SsAraT appears specific as only poor growth was observed 
with D-glucose while no growth could be detected on D-xylose (63). 

AtStp2 

The sugar transporter AtStp2 from Arabidopsis thaliana is a proton 
symporter with a high affinity for D-galactose (64). When expressed 
in the S. cerevisiae HXT null strain, AtStp2 proved to be a high affinity 
L-arabinose transporter (4.5 mM, Table 2) while it barely supported 
D-glucose uptake. Nevertheless, L-arabinose uptake by AtStp2 was 
strongly impaired by D-glucose, while the transporter also supported 
substantial growth in medium containing 2 % D-glucose (63). Therefore, 
these data suggest that AtStp2 is not specific for L-arabinose.

NcLat1 and MtLat1

Two novel proton-coupled L-arabinose transporters, NcLAT1 from 
Neurospora crassa and MtLAT1 from Myceliophthora thermophile, were 
identified that exhibit 83 % identity but appear to be equipped with 
different substrate specificities. NcLAT1 has a broad substrate speci-
ficity whereas MtLAT1 appears more specific for L-arabinose. The Km 
values of NcLAT1 and MtLAT1 for L-arabinose were 58 and 29 mM, 
respectively, with Vmax values of 1945 and 1729 nmol/mgDW.min, re-
spectively. Transport was only partially inhibited by D-glucose. Upon 
overexpression of NcLAT1 and MtLAT1 in a L-arabinose metabolizing 
S. cerevisiae strain, growth, L-arabinose utilization, and ethanol produc-
tion increased. Sequence alignment showed that the position of the 
conserved asparagine, i.e., N376 of Gal2 (65, 66), has evolved naturally 
in NcLAT1 and MtLAT1 into phenylalanine, and this might explain the 
reduced inhibition by D-glucose (67). 

PcAraT

The putative sugar transporter PcAraT (Pc20g01790) of the filamentous 
fungus Penicillium chrysogenum, is upregulated in L-arabinose-limited Ta
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cultures compared to D-glucose growth. When expressed in a L- 
arabinose-fermenting S. cerevisiae strain in which GAL2 was deleted, 
growth on L-arabinose could be restored. PcAraT is a proton symporter 
and transports L-arabinose with high-affinity (Km = 0.13 mM) while 
D-xylose and D-glucose are not transported (68). 

ENGINEERING OF ENDOGENOUS YEAST TRANSPORTERS FOR 
IMPROVED PENTOSE TRANSPORT

D-xylose transport via endogenous Hxt proteins

Disadvantages of using heterologous xylose and arabinose transporters 
in S. cerevisiae are the activity and stability or protein turnover un-
der non-natural conditions. Decreased activity or protein degradation 
causes decreased sugar transport rates (Vmax) which is undesirable for 
industrial bioethanol processes. One potential solution to the stability 
issue it the engineering of endogenous Hxt transporters for an improved 
selectivity towards pentose sugars. The main advantage of the endoge-
nous transporters is that they are well expressed and highly integrated 
in the yeast regulatory systems that control the expression and post-
translational degradation under conditions of high and low extracellular 
D-glucose concentration. D-xylose transport in S. cerevisiae is mediated 
by proteins of the Hxt family and more specifically Hxt1 (69), Hxt2 (70, 
71), Hxt3/Hxt36 (72), Hxt4, Hxt5, Hxt7 (70), Hxt11 (71) and Gal2 (65). 
However, a drawback of all of the endogenous Hxt transporters is their 
low affinity for D-xylose as compared to D-glucose, which results in 
D-glucose being the preferred substrate for uptake and metabolism in 
mixed sugar fermentations (7, 73–75). Various techniques have been 
used to increase D-xylose transport in S. cerevisiae focusing on the 
endogenous Hxt transporters. This involved evolutionary engineering, 
error-prone PCR, gene shuffling, over-expression and interfere with 
the endogenous regulatory networks. In such approaches two different 
pentose utilizing yeast strains were employed: 1) a multiple hexokinase 
deletion strain which is unable to phosphorylate D-glucose and thus 
cannot grow on D-glucose. Such strains can be used to select for im-
proved D-xylose transport in the presence of high concentrations of 
D-glucose (45, 65, 71, 72, 76, 77) and 2) a hexose transporter deletion 

strain in which the main, or even all, Hxt transporters have been deleted. 
This strain cannot grow on D-xylose because of an inability to transport 
this pentose. However, it can be used to express specific sugar trans-
porters and for the selection of mutants that show an enhanced growth 
on D-xylose (77–79). Both approaches yielded various mutations in 
endogenous sugar transporters that either contribute to an improved 
D-xylose transport and a reduced sensitivity towards competitive inhi-
bition by D-glucose. These approaches have led to the identification of 
a series of mutations in a variety of Hxt transporters. However, the most 
important residue identified in these studies is a conserved asparagine 
present in all Hxt transporters that fulfils a pivotal role in D-glucose rec-
ognition. This asparagine is at position 366, 367, 370 and 376 in Hxt11 
(71), Hxt36 (72), Hxt7 and Gal2 (65), respectively, and was mutated to 
different amino acids, all causing a reduced D-glucose affinity and in 
some cases improving the D-xylose affinity. In Gal2, the N376F mu-
tation completely abolished the uptake of D-glucose while the affinity 
for D-xylose increased from 225 to 91 mM (65). The N367A mutation 
in Hxt36 even yielded a transporter with a higher affinity for D-xylose 
of 25 mM but with a lower Vmax of 29 nmol/mgDW.min as compared 
to 37 nmol/mgDW.min for the Gal2 N367F mutant. In an evolutionary 
approach using a xylose metabolizing yeast strain lacking the main 
Hxt transporter, selection for improved growth on D-xylose resulted 
in the expression of the normally cryptic HXT11 gene (71). Indeed, 
over-expression of Hxt11 in the transporter-deficient strain resulted in 
improved growth on D-xylose. Further selection for glucose-insensitive 
xylose transport employing a quadruple hexokinase deletion yielded 
mutations at N366 of Hxt11 that reversed the transporter specificity 
for D-glucose into D-xylose while maintaining high D-xylose transport 
rates. In particular because of the high xylose transport rates, the Hxt11 
N366T mutant enabled the efficient co-fermentation of D-xylose and 
D-glucose at industrially relevant sugar concentrations when expressed 
in a strain lacking the HXT1–7 and GAL2 genes. Among the various 
Hxt transporters, txtHxthe Hxt11 N366T mutant is equipped with the 
most favorable D-xylose uptake characteristics, i.e., a Km of 46 mM 
and a Vmax of 76 nmol/mgDW.min (Table 1) (71). Another advantage of 
Hxt11 is that this normally cryptic transporter is stably expressed at 
high D-glucose concentrations at the plasma membrane without any 
sign of degradation (78) in contrast to for instance Hxt2 (80, 81) and 
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Hxt7 (82). The structure of Hxt36 (72) (Figure 2) and Gal2 (65) were 
modelled according to the crystal structure of XylE, a MFS transporter 
of Escherichia coli with D-xylose in the binding site (83). Both models 
clearly show in the binding site that the aldehyde group of D-glucose is 
in close proximity to N367 or N376, respectively. Any bulkier or hydro-
phobic amino acid could interfere with the binding of D-glucose. This 
particular aldehyde group is absent in D-xylose, and thus the mutations 
leave the D-xylose binding unaltered. 

With Gal2 random mutagenesis was used to obtain mutants with 
an increased affinity for D-xylose. This yielded various mutations but 
the threonine at position 386 in TMS 8 stands out as the respective 
mutants allow increased growth rates at low concentrations of D-xylose 
and consequently co-consumption of D-xylose and D-glucose at very 
low concentrations (77). A similar improvement in D-xylose affinity was 
observed with mutants of Hxt2 that were obtained via gene shuffling 
of all expressed HXT proteins. A mutation of a cysteine to proline at 
position 505 yielded a 3-fold improvement in D-xylose affinity (78). 
Young et.al. (33) used mutagenesis of conserved motifs to convert the 
glucose transporter Hxt7 into a xylose transporter. These mutations 
localize to the GGFVFG motif (residues 75–80 and not 36–41 as cited) 
that is part of TMS 1. The V78I and F79 M mutations caused improved 
growth rates on D-xylose. Other studies indicate that mutations at N340 
can eliminate D-glucose transport in Hxt7 (84) and when coupled to 
the V78I, F79 M double mutant, improved growth on D-xylose occurred 
while growth on D-glucose was defective (33). A similar mutation in 
Hxt7 (F79S) was obtained via evolutionary engineering, and shown to 
be important for D-xylose uptake (85). 

Remarkably, another mechanism to improve D-xylose consumption is 
via the overexpression of Hxt transporters as shown for the overexpres-
sion of Hxt1 (40, 79), Hxt2 and Hxt7 (79). This suggests that D-xylose 
consumption is limited by the uptake of D-xylose. These HXT proteins 
were, however, overexpressed in different genetic backgrounds. Tanino 
et.al. (40) used a strain with a complete Hxt transporter landscape 
and performed growth/consumption experiments with D-xylose or 
D- glucose, while Gonçalves et.al. (79) used a Hxt transporter deletion 
strain in which specific Hxt proteins were overexpressed whereupon 
they were tested in mixed sugar fermentations. Herein, over-expression 
of Hxt1 resulted in the fastest sugar consumption rates while Hxt2 

supported the best co-consumption but only at low sugar concentra-
tions (79). Evolutionary engineering for improved growth on D-xylose, 
led to the upregulation of Hxt2 causing improved co-consumption 
of D-xylose and D-glucose (86). Similar results were obtained via a 
mutation of the glucose sensitive co-repressor Cyc8 causing the more 
generic upregulation of virtually all Hxt genes concomitantly with im-
proved D-xylose transport (76). Importantly, all of the abovementioned 
approaches only elevated the D-xylose flux into the cells while, as 
expected, sugar co-consumption did not improve. 

L-ARABINOSE TRANSPORT VIA ENDOGENOUS HXT 
TRANSPORTERS

L-arabinose uptake has been studied in less detail compared to D-xylose, 
likely because of its lesser abundance in lignocellulosic biomass and thus 

Figure 2. Detailed view of the sugar-binding pocket of the Hxt36 homology 
model, showing the first shell amino acid side chains that interact with bound 
glucose (cyan) and xylose (yellow). N367 is located to the left, pointing the side 
chain towards the 6-OH and 6-CH2 of glucose. Most residues in this pocket 
are strictly conserved between Hxt36 and XylE, apart from D337 (I in XylE), 
A442 (G in XylE), Y446 (W in XylE), and N469 (Q in XylE) (77). 
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limited economical significance. However, in corn fibre hydrolysates 
and sugar beet pulp, L-arabinose can account for 26 % of the total 
sugar content (87, 88). Gal2, the S. cerevisiae galactose permease, is 
capable of transporting arabinose (89). Overexpression of Gal2 indeed 
results in improved L-arabinose uptake (21, 90), while a Gal2 deletion 
strain is unable to metabolize L-arabinose (91). Like D-xylose uptake, 
L-arabinose uptake is also inhibited by D-glucose (73). To improve 
L-arabinose transport, mutations were introduced in Gal2 based on 
molecular modeling of the substrate binding site. The F85S mutation 
significantly enhanced the growth rate on L-arabinose and on D-xylose. 
Furthermore, the F85G mutation increased the L-arabinose transport 
activity and reduced the specificity of the transporter for D-glucose and 
D-xylose (92). The corresponding F79S mutation in Hxt7 was reported 
before to improve the D-xylose uptake rate (85) and the phenylalanine 
residue is part of the conserved motif “GG/FXXXG” that localizes to 
TMS1, and that previously was reported to affect the D-xylose and 
D-glucose transport activity (33, 62). Verhoeven et.al. (66) used evolu-
tionary engineering on Glucose-Xylose-Arabinose mixtures employing 
an engineered D-glucose-phosphorylation-negative S. cerevisiae strain. 
This yielded an evolved strain that grows on L-arabinose in the presence 
of D-glucose and D-xylose. Genome sequencing revealed a mutation of 
the conserved asparagine at position 376 of Gal2 that previously was 
shown to be a key residue in Hxt transporters that affects the ability 
of the transporters to recognize D-glucose. In Gal2, this residue was 
mutated into either a serine, threonine or isoleucine. The Gal2 mutants 
all showed a decreased D-glucose sensitivity of L-arabinose transport 
and a corresponding reduction of the affinity and Vmax of D-glucose 
transport (66, 93). Kinetic studies of Gal2 showed a L-arabinose af-
finity between 57 mM (63) and 371 mM (62) (Table 2). Interestingly, in 
a L-arabinose fermenting S. cerevisiae strain that lacks the main Hxt 
transporters, also Hxt9 and Hxt10 were found to support the uptake 
of L-arabinose, albeit less efficient than Gal2 (63).

REGULATION AND DEGRADATION

In S. cerevisiae, like in many other yeast species, D-glucose ensures its 
own efficient metabolism by serving as an environmental stimulus that 

regulates the quantity, types, and activity of the Hxt transporters, both 
at the transcriptional and posttranslational level. The Hxt transporters 
differ in their affinity for D-glucose (94), and correspondingly their ex-
pression is regulated by different levels of D-glucose (95, 96). Two reg-
ulatory pathways exist that work through the transcriptional repressors 
Mig1 and Rgt1. Less well understood, however, these pathways also 
interact to ensure that yeast cells expresses the D-glucose transporters 
best suited for the concentration of D-glucose available in the medium 
(97–101). Furthermore, also the degradation of Hxt transporters is 
tightly linked to the external D-glucose concentration. Hxt1 and Hxt3 
are low-affinity D-glucose transporters (94), and are expressed at high 
D-glucose concentrations (96, 102) while being degraded via ubiq-
uitination at lower D-glucose concentrations (69, 82, 103). Hxt2 and 
Hxt6/7 are high-affinity D-glucose transporters (94) and are expressed 
when there is no, or only limited, D-glucose present in the medium (96, 
102). Concurrently, these transporters are degraded at high D-glucose 
concentrations (80, 82). Hxt4 and Hxt5 exhibit an intermediate affinity 
for D-glucose although Hxt4 is expressed at lower D-glucose concen-
trations (96) while Hxt5 is mainly induced when cells are grown on 
non-fermentable carbon sources and when the growth rate decreases 
(104). Little is known about the degradation of Hxt4 but Hxt5 is stably 
expressed at the membrane at low D-glucose concentrations (69), in 
consonance with the it D-glucose affinity and expression conditions. 

Low-affinity D-glucose Hxt transporters all show increased protein 
degradation at low D-glucose concentrations and are therefore unsuit-
able to support growth on D-xylose only. Recently it was shown that 
the degradation of the low-affinity D-glucose transporters Hxt1 and 
Hxt3 is too fast for growth on D-xylose, despite that fact that these 
transporters mediate D-xylose transport with a high Vmax values (69). 
To improve D-xylose and L-arabinose consumption based on these 
low-affinity D-glucose transporters, protein degradation needs to be 
prevented, especially at the end of a fermentation when the levels of 
D-glucose are low. Since protein degradation occurs through ubiquiti-
nation of these transporters, the amino-terminal lysine residues of Hxt2 
(Nijland et.al. unpublished data) Hxt1, Hxt5 and Hxt36 were mutated 
into arginine residues (69) or protein degradation was reduced by dele-
tion of the essential E3 ubiquitin ligase, Rsp5 (73). Both studies showed 
a decreased degradation of the Hxt transporters at low D-glucose 
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concentrations but for only in Hxt36 (69) improved D-xylose fermen-
tation was observed that could be associated to the improved stability. 

OUTLOOK AND PERSPECTIVE

During the last decade, pentose transport has been extensively stud-
ied in S. cerevisiae in order to allow the consumption of L-arabinose 
and D-xylose present in lignocellulosic biomass. A further goal was 
to improve co-consumption of hexoses and pentoses and to improve 
the uptake at low pentose concentrations. This yielded a wealth of 
information on foreign and endogenous transporters and led to the 
identification of mutations that either modify the hexose selectivity 
or transporter stability. The advantage of employing endogenous Hxt 
transporters is their stable expression and low protein turnover. These 
transporters are well integrated in the yeast regulatory network, al-
though protein degradation can be a bottleneck. The disadvantage 
of these transporters is their low affinity for D-xylose as compared to 
some of the foreign xylose transporters. Conversely, the latter group 
of transporters indeed often show a high affinity for D-xylose, but they 
support D-xylose transport usually with only low uptake rates. Given 
the wealth of kinetic information available in literature, benchmarking 
of these transporters based on maximal uptake rates is difficult as this 
depends on variables such as the strain, culture and uptake conditions. 
Through transporter engineering, co-consumption of D-xylose and 
D-glucose at industrial concentrations has been realized based on single 
transporter solutions. Although this is a main achievement, to translate 
this method to real industrial conditions will still be a challenge. The 
main bottleneck now is that the sugar metabolism flux is distributed 
over D-glucose and D-xylose. Thus the fermentation time was not 
altered. Likely, under such conditions, transport is no longer limiting. 
Rather primary metabolism represents the main limiting step for faster 
sugar consumption and this needs to be solved, if at all possible, in 
order to achieve shorter fermentation times. Importantly, D-xylose 
utilization and growth rates are still significantly lower as compared 
to D-glucose, and thus a careful balance is necessary throughout the 
fermentation. Also robustness remains to be a challenge. To make the 
process industrial ready, a combination of various transporters that will 

be needed to accommodate the various concentrations of sugar during 
the entire fermentation. 

SCOPE OF THIS THESIS

Baker’s yeast, or its latin name Saccharomyces cerevisiae efficiently 
utilizes hexose sugars yielding the end-product ethanol. This fermen-
tation process forms the foundation for first generation bioethanol 
formation where readily fermentable crops are used such as corn and 
sugar cane. In second generation bioethanol applications, pretreated 
plant waste materials are used as a feedstock. The corresponding liquid 
is rich in hexose sugars (mostly D-glucose) but also contains pentose 
sugars (D-xylose and D-arabinose). Baker’s yeast is unable to metabolize 
pentose sugars but through advanced pathway engineering, a second 
generation bioethanol process has been developed in which both 
hexose and pentose sugars are converted into ethanol. A main caveat 
of this process is that transport of pentose sugars occurs inefficiently in 
S. cerevisiae, and proceeds only once all hexose sugars in the broth are 
depleted. The goal of the work described in this thesis was to optimize 
D-xylose transport via the engineering of endogenous hexose (Hxt) 
transporters in a xylose fermenting S. cerevisiae strain. Eventually, this 
should allow for co-metabolism of hexose and pentose sugars thereby 
improving the robustness of a second generation bioethanol process.
Chapter 1 describes the current state of our understanding of sugar 

transport in S. cerevisiae with an emphasis on D-xylose transport and 
discusses approaches to optimize D-xylose transport and utilization.

In chapter 2, an evolutionary engineering approach is described to ob-
tain mutants of Hxt transporters with an improved affinity for D-xylose. 
For this purpose, the endogenous Hxt transporters were subjected to 
a gene shuffling approach to yield novel chimers that exhibit enhanced 
D-xylose transport and utilization when selected for growth on D-xylose 
using a Hxt deletion strain. 
Chapter 3 describes the evolutionary engineering of a hexokinase 

deletion strain in order to improve D-xylose uptake in the presence of 
D-glucose. This strain is unable to grow on D-glucose, while growth 
on D-xylose is inhibited due to the competitive effect of glucose on 
pentose transport. This approach yielded a mutation in the CYC8/SSN6 
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SCOPE OF THIS THESIS

gene, a general co-repressor which, amongst others, caused the up-
regulation of the Hxt transporters family which resulted in increased 
D-xylose uptake rates. 

In chapter 4 a similar hexokinase deletion strain was used in an 
evolutionary engineering experiment which yielded, after an extensive 
period of selection for growth on D-xylose in the presence of D-glucose, 
a mutant of the endogenous hexose transporter, Hxt36. This N367I 
mutation converted Hxt36 into a specific D-xylose transporter. Satu-
ration mutagenesis of N367 yielded the alanine mutant that allowed 
for balanced glucose-xylose co-consumption. 
Chapter 5 examines the stability of the Hxt36 mutants in the ab-

sence of D-glucose, and mutagenizes potential ubiquitination sites to 
prevent premature degradation of the Hxt36 transporters when cells 
are grown on D-xylose.

In chapter  6, the hexokinase deletion strain carrying the Hxt36 
N367I mutant was subjected to further evolutionary engineering which 
yielded a strain in which D-xylose consumption is no longer inhibited 
by D- glucose. Re-introduction of the hexokinase Hxk2 only partially 
restored D-glucose utilization when cells are grown on a mixture of 
D-glucose and D-xylose, and allowed for co-metabolism of these two 
sugars. Metabolomic analysis of the evolutionary strains revealed the 
progressive accumulation of trehalose-6-phosphate which is an inhibitor 
of hexokinase thereby limiting glucose metabolism in the presence of 
D-xylose. Mutant strains with a defective trehalose pathway exhibit 
an improvement in the co-consumption of D-xylose and D-glucose. 

Finally the presented work in this thesis is summarized and an outlook 
for future research is presented.



CHAPTER 2:

INCREASED XYLOSE AFFINITY 
OF HXT2 THROUGH GENE SHUFFLING 

OF HEXOSE TRANSPORTERS 
IN SACCHAROMYCES CEREVISIAE

Jeroen G. Nijland (j.g.nijland@rug.nl) a

Hyun Yong Shin (h.y.shin@rug.nl) a

Paul P. de Waal (Paul.Waal-de@dsm.com) b

Paul Klaassen (paul.klaassen@dsm.com) b

Arnold J.M. Driessen (a.j.m.driessen@rug.nl) a

Journal of Applied Microbiology. 2018 Feb;124(2):503–510. 

doi: 10.1111/jam.13670

a Molecular Microbiology, Groningen Biomolecular Sciences and Biotechnology, 

University of Groningen, Zernike Institute for Advanced Materials and Kluyver Centre 

for Genomics of Industrial Fermentation, Groningen, The Netherlands
b DSM Biotechnology Center, Alexander Fleminglaan 1, 2613 AX, Delft, the Netherlands



CH
A

PT
ER

 2

33INTRODUCTION

ABSTRACT 

Aims: Optimizing D-xylose transport in Saccharomyces cerevisiae is es-
sential for efficient bioethanol production from cellulosic materials. We 
have used a gene shuffling approach of hexose (Hxt) transporters in 
order to increase the affinity for D-xylose.

Methods and Results: Various libraries were transformed to a hexose 
transporter deletion strain and shuffled genes were selected via growth 
on low concentrations of D-xylose. This screening yielded two homol-
ogous fusion proteins (fusion 9,4 and 9,6), both consisting of the major 
central part of Hxt2 and various smaller parts of other Hxt proteins. 
Both chimeric proteins showed the same increase in D- xylose affinity 
(8.1 ± 3.0 mM) compared to Hxt2 (23.7 ± 2.1 mM). The increased D- 
xylose affinity could be related to the C-terminus, more specifically to 
a cysteine to proline mutation at position 505 in Hxt2. 

Conclusions: The Hxt2C505P mutation increased the affinity for D-xylose 
for Hxt2, thus providing a way to increase D-xylose transport flux at 
low D-xylose concentration.

Significance and Impact of the Study: The gene shuffling protocol us-
ing the highly homologues hexose transporters family provides a pow-
erful tool to enhance the D-xylose affinity of Hxt transporters in S. cer-
evisiae, thus providing a means to increase the D-xylose uptake flux at 
low D-xylose concentrations. 

Keywords: Yeast, Biofuels, Xylose, Transport, Biotechnology, Fermen-
tation, Metabolism

INTRODUCTION

The increasing awareness of the shortage of fossil fuels and the prob-
lems surrounding atmospheric CO2 concentrations are a driving cause 
of innovation in the fuel industry. Sources for alternative fuels have 
led to many developments in the field. Frontrunners among these are 
microbial derived biodiesel and bioethanol. In the past, bioethanol was 
mainly produced by fermentation of sugars and starches from high 
value agricultural crops, like corn, wheat and sugar cane. This poses 
the problem of competition with human and animal consumption (1). 
The use of alternative sugars sources from agricultural waste and other 
by-products of industry has been a major focus in recent years. The 
main contender in this area is lignocellulosic biomass, an abundant by- 
product of agriculture and forestry. Hydrolysis of lignocellulosic biomass 
releases a mixture of hexose and pentose sugars and the majority of 
these sugars take the form of glucose and xylose, in a typical mass ratio 
of 2:1 (4, 5). Saccharomyces cerevisiae, the commonly used organism in 
industrial scale ethanol production, is naturally deficient in the usage of 
pentose sugars due to the lack of an enzyme able to transform pentose 
into a substrate for the pentose phosphate pathway (PPP). In some 
industrial strains, the first problem was overcome by inserting a fungal 
xylose isomerase gene from Piromyces species E2 (10, 105). This enzyme 
allows the interconversion between D-xylose and D-xylulose, the latter 
of which can be phosphorylated by the xylulose kinase XKS1, which 
has been overexpressed in several engineered strains. The resulting 
D-xylulose-5-P enters the PPP and, via glyceraldehyde-3-phosphate 
and fructose-6-phosphate, D-xylose catabolism is connected to gly-
colysis and subsequent ethanol fermentation. Although this results 
in the desired D-xylose fermentation, the D-xylose consumption lags 
behind compared to D-glucose metabolism (106, 107). S. cerevisiae 
first consumes D-glucose before D-xylose and this is the direct result 
of the sugar affinity of hexose transporters (Hxt) (36, 94). The hexose 
transporters are intrinsically D-glucose transporters and their affinity 
for D-glucose is, in general, a 100-fold higher compared to D-xylose 
(7, 106) which prevents efficient D-xylose transport as long as not all 
D-glucose has been depleted (56). In recent years, several studies have 
focused on improving the affinity for D-xylose of the endogenous Hxt 
proteins. In these studies, two screening strategies (and strains) were 
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35MATERIALS AND METHODS MATERIALS AND METHODS

used: 1) selection for improved D-xylose metabolism in the presence of 
high concentrations of D-glucose by a hexokinase deletion strain which 
is unable to grow on D-glucose (45, 65, 71, 72, 77) and 2) selection for 
enhanced growth on D-xylose by a hexose transporter deletion strain in 
which single sugar transporters are expressed (77, 108). In particular the 
first strategy proved to be very effective and obtained Hxt mutants with 
decreased affinities for D-glucose while the D-xylose affinity remained 
mostly unaltered. In particular, a conserved asparagine (at position 366, 
376, 370 and 376, in Hxt11, Hxt36 (72), Hxt7 and Gal2, respectively) 
seems highly crucial for this altered affinity for D-glucose (65, 71, 72). 
The method was, however, less effective when it concerned the selec-
tion for an improved D-xylose affinity.

Here we have used the hexose transporter deletion strain as a host 
for the expression of a library of Hxt genes obtained by gene shuffling 
to select transporters with an improved D-xylose affinity. The sub- 
family of expressed Hxt genes can be readily used in the gene shuffling 
approach since they exhibit a high homology on DNA level, which 
ranges from 64 % to 99 % (35, 94). Furthermore, previous studies on 
engineered Hxt chimeras already have indicated that they maintain 
their activity and that by this approach the affinity for D-glucose can 
be modulated (80, 84, 109–111). Kasahara and coworkers identified key 
amino acids responsibly for the affinity towards D-glucose although 
mainly mutations were found that had a negative effect on the affinity 
for D-glucose (110, 112–114) while the impact of the mutations on the 
D-xylose affinity was not investigated. The presented data shows that 
gene shuffling allows for the selection of HXT proteins with a marked 
improvement in the affinity for D-xylose thereby increasing D-xylose 
transport at low concentrations.

MATERIALS AND METHODS

YEAST STAINS, MEDIA AND CULTURE CONDITIONS

The DS68625 strain, in which the main hexose transporters Hxt1–7 
and Gal2 were deleted, was used for all complementation experiments 
with the various shuffled Hxt genes and was described elsewhere 
(72) (Supplemental Table 1). They are made available for academic 

research under a strict Material Transfer Agreement with DSM (contact: 
paul.waal-de@dsm.com). All strains were inoculated in shake flasks and 
incubated at 30ºC in mineral medium (MM) supplemented with the ap-
propriate carbon source. Cell growth was monitored by optical density 
(OD) at 600 nm using an UV-visible spectrophotometer ( Novaspec PLUS).

MOLECULAR BIOLOGY TECHNIQUES AND CHEMICALS. 

DNA polymerase, restriction enzymes and T4 DNA ligase were acquired 
from ThermoFisher Scientific and used following manufacturer’s instruc-
tions. Oligonucleotides used for plasmid constructions and gene shuf-
fling were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands). 

GENE SHUFFLING

With some minor modifications the DNA shuffling procedure was used 
(115). HXT1, 2, 4 and 7 were amplified with a XbaI and BamHI restric-
tion site on the C- and N-terminus respectively whereas HXT5 and 
GAL2 have a XbaI and Cfr9I restriction site at the before mentioned 
termini. HXT36 was amplified with a BcuI and BamHI restriction site 
on the C- and N-terminus (Supplemental table 2). All HXT genes were 
digested with 0.05U/µl DNAse for 20 min at 4 °C and the DNAse was 
subsequently denatured by adding EDTA (5 mM) and incubated for 
10 min at 65 °C. The obtained HXT fragments were separated on a 1.0 % 
agarose gel and all fragments ranging from 50–300 bp were isolated 
from the gel. A primer-less PCR in which all Hxt fragments were mixed 
was for 40 cycles and an annealing temperature of 55 °C using Phire® 
PCR polymerase. Subsequently HXT fusions were amplified using all 
forward Hxt primers in combination with all other reverse primers ex-
cept for the combination belonging to the same gene (eg not Forward 
Hxt1 xbaI and Reversed Hxt1 BamHI). The obtained full length HXT 
genes were combined and digested with the appropriate restriction 
enzymes and ligated into pRS313P7T7-MCS (72) and transformed to 
E.coli. Several colonies were picked and sequenced to confirm the HXT 
fusions. All colonies were subsequently combined into batches (forward 
HXT1 and HXT2 (batch 6), forward HXT3 (batch 7), forward HXT4 and 
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37RESULTS RESULTS

GAL2 (batch 8), forward HXT5 (batch 9) and forward HXT7 (batch 10) 
and transformed to DS68625 and transferred to MM supplemented 
with 0.1 % D-xylose and grown for 144 hours.

CLONING OF THE HXT2C505P MUTANT

HXT2 gene fragments were amplified from genomic DNA of the 
DS68616 strain using the primers listed in Supplemental Table 2 with 
the Phusion® High-Fidelity PCR Master Mix with HF buffer. Using F Hxt2 
XbaI and a reversed primer with the F497Y and/or the C505P mutation 
yielded the 3’ fragment of HXT2 and the same forward primers of those 
mutations combined with primer R Hxt2 BamHI yielded the 5’ fragment 
of HXT2. After PCR clean-up both fragments were fused using over-
lap-PCR (Phusion® High-Fidelity PCR Master Mix) with only the F Hxt2 
XbaI and R Hxt2 BamHI primers. The full-length DNA of HXT2, and the 
mutants, was cloned into pRS313-P7T7 and subsequently sequenced. 

TRANSPORT ASSAYS 

To determine the kinetic parameters of sugar transport, cells were 
grown for 16 hours in shake flasks in minimal medium (MM) containing 
2 % D-maltose and standard uptake procedure was followed as shown 
before (72). [14C]D-xylose or [14C]D-glucose (ARC, USA) uptakes were 
analyzed at concentrations varying from 0.5–200 mM and 0.1–180 mM, 
respectively. In order to determine the uptake kinetics of the transport-
ers a non-linear Michaelis-Menten least squares fit was used. 

RESULTS

GENE SHUFFLING AND IMPROVED HXT SELECTION

The quest for a specific D-xylose transporter with high affinity for this 
pentose sugar has been a main focus in the bioethanol field in recent 
years (33, 65, 71, 72, 116). D-xylose uptake is inhibited by the high 
D-glucose concentration present in lignocellulosic biomass causing a 

delayed fermentation of D-xylose. To enhance the affinity for D-xylose 
uptake by S. cerevisiae, we applied gene shuffling on the highly homo-
logues family of HXTs. HXT1–7 and GAL2 were all amplified and used 
in gene shuffling. In the last PCR amplification step only non-matching 
forward and reverse primers were used in order to obtain an increased 
number of fusions compared to the original Hxt DNA fragments. The 
complete library of Hxt fusions, divided in to 5 batches with different 
forward primers, were cloned into the pRS313P7T7 (72) expression 
vector and was subsequently transformed to the DS68625 strain, which 
lack the main Hxt proteins Hxt1–7 and Gal2. This strain cannot grow 
on D-xylose due to the lack of efficient D-xylose transporters. Imme-
diately after transformation, cells were transferred to minimal medium 
supplemented with 0.1 % D-xylose. As a control for the growth experi-
ments, plasmid pRS313P7T7-mcs and pRS313P7T7 carrying the genes 
of HXT1, HXT36, HXT4 or GAL2 were used. After 144 hours in minimal 
medium with 0.1 % D-xylose only batch 9, obtained from the amplifi-
cation with primer F Hxt5 XbaI and all reverse primers, and batch 10, 
amplified with F Hxt7 XbaI and all reverse primers, were able to reach 
a higher OD than the control transformants (Supplemental Figure 1). 

VALIDATION OF HXT FUSION PROTEINS

Cells from batch 9 and 10 were plated on 0.1 % D-xylose and plasmid 
isolation was done on 6 single colonies of each batch with subsequent 
DNA sequencing. Out of the 6 isolated S. cerevisiae strains from batch 9, 
four were identical and contained a Hxt fusion named 9,4 whereas 
2 others contained fusion 9,6. DNA sequencing revealed that fusion 
9,4 consists of Hxt5 (102 amino acids), Hxt2 (388 amino acids), Hxt4 
(49 amino acids) and Hxt2 (32 amino acids). Fusion 9,6 is very ho-
mologous to fusion 9,4 and consists of Hxt5 (102 amino acids), Hxt2 
(254 amino acids), Hxt3 (37 amino acids), Hxt2 (120 amino acids) and 
Hxt4 (78 amino acids). All 6 colonies isolated from batch 10 yielded 
the same fusion (10,1) which consists of Hxt7 (65 amino acids), Hxt4 
(33 amino acids), Hxt7 (53 amino acids), Hxt4 (42 amino acids), Hxt7 
(83 amino acids), Hxt4 (97 amino acids), Hxt7 (67 amino acids), Hxt1 
(21 amino acids), Hxt7 (35 amino acids), Hxt4 (14 amino acids) and Hxt1 
(59 amino acids) (Figure 1).
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All 3 unique fusions (9,4, 9,6 and 10,1) were re-transformed into the 
original DS68625 strain and a similar growth experiment (in minimal 
medium supplemented with 0.1 % D-xylose and 0.025 % D-maltose) 
was done to confirm the previous result. The 0.025 % D-maltose was 
added to shorten the lag-phase. Fusion 9,4 and 9,6 showed increased 
growth rates and reached the highest OD600 levels after 40 hours. They 
outperformed the DS68616 strain containing all Hxt proteins. The con-
trols Hxt1, Hxt36, and Gal2 showed no growth on the low D-xylose 
concentrations while Hxt2 showed limited growth rates. Fusion 10,1 
did perform better compared to the low affinity transporters Hxt 1 and 
Hxt36, but it showed lower growth rates compared to Hxt2 and was 
not further investigated (Figure 2).

SUGAR UPTAKE KINETICS OF HXT CHIMERAS 

To assess if the improved D-xylose fermentation characteristics on low 
D-xylose concentrations of the cells bearing fusion 9,4 and 9,6 were 
caused by improved D-xylose uptake, affinity transport assays were 

performed with D-xylose and D-glucose. Since a major part of fusions 
9,4 and 9,6 consists of Hxt2, a Hxt with natively already an high affinity 
for D-xylose (70, 71), Hxt2 was used as control (Supplemental figure 2). 
The Km for D-xylose by Hxt2 is 23.7 ± 2.1 mM. Both chimeras 9,4 and 
9,6 showed increased affinities for D-xylose uptake, i.e., 9.4 ± 3.9 mM 
and 6.9 ± 2.3 mM, respectively (Table 1). The Vmax of D-xylose uptake 
by 9,4, 9,6 and Hxt2 were very similar. i.e., 35.2 ± 3.1 nmol/mgDW.min, 
31.6 ± 4.1 nmol/mgDW.min and 33.0 ± 2.1 nmol/mgDW.min respectively. 
In contrast, the affinity for D-glucose uptake hardly changed (Table 1), 
although this might be due to the fact that D-glucose uptake rates 
via Hxt2 are extremely fast and any further improvement might not 
be readily detected. These data show that the chimeric transporters 
obtained by gene shuffling exhibit an improved D-xylose uptake affinity. Figure 1. Schematic representation of hexose transporter fusions 9,4 (A), 9,6 

(B) and 10,1 (C). The colors and stripes indicate the various parts of each of 
Hxt1 (vertically striped), Hxt2 (white), Hxt3 (slanted striped), Hxt4 (horizon-
tally striped), Hxt5 (black) and Hxt7 (grey). The matching 12 transmembrane 
domains (TMDs) are depicted in D. 

Figure 2. Growth (OD600) of strain DS68625 expressing individual hexose trans-
porters on minimal medium supplemented with 0.1 % D-xylose and 0.025 % 
D-maltose. Strains tested contained Hxt1 (), Hxt2 (), Hxt36 (), Gal2 (), 
the gene-shuffled hexose transporters (fusion 9,4 (), fusion 9,6 (─) and fu-
sion 10,1 ()) or the empty control plasmid pRS313-P7T7mcs (). As control, 
the DS68616 strain, with the full Hxt landscape, was used complemented with 
the empty control plasmid pRS313-P7T7mcs (). Error bars were obtained 
from biological duplicates.
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UNRAVELING HXT CHIMERAS

To determine what brings about this increased affinity for D-xylose 
uptake, variants of the fusions 9,4 and 9,6 were made. This concerned 
a N-terminal fusion protein which consists of the first 102 amino acids 
of Hxt5 fused to Hxt2 to analyze if the N-terminus of Hxt5 causes the 

increase in D-xylose affinity. The other 2 variants concerned the C- 
terminus of fusion 9,4 or 9,6 in which the first 102 amino acids of Hxt5 
are replaced for the first 102 amino acids of Hxt2. The three variants 
were tested for D-xylose uptake using the lower D-xylose concentration 
range (0.5–10 mM). The N-terminal fusion protein showed a similar 
uptake compared as Hxt2 whereas the C-terminal fusions 9,4 and 9,6 
showed significantly improved D-xylose uptake compared to Hxt2 and 
similar uptake compared to the original fusions 9,4 and 9,6 (Figure 3). 
This suggests that the C-terminus of both chimera contains the determi-
nants that increased the D-xylose affinity of Hxt2. Since the C-terminal 
fusion 9,4 and 9,6 only have 49 amino acids of Hxt4 in the C-terminus 
in common, the increase in D-xylose affinity must come from amino 
acids present in this region. Alignment of the first 49 amino acids of 
Hxt4 with the corresponding region of Hxt2 revealed two amino acids 
(F497 and C505) that vastly differ in this region. Both mutations (F497Y, 
C505P), and the combination were generated in Hxt2 and tested for 
D-xylose uptake. Both variants containing the C505P mutation show a 
marked increased uptake of D-xylose compared to Hxt2. D-xylose up-
take, measured at 5 mM D-xylose, in Hxt2 F497Y+C505P, Hxt2 C505P 
and Hxt2 is 2.63 ± 0.10, 2.62 ± 0.06 and 1.62 ± 0.09 nmol/mgDW.min 
respectively and D-xylose uptake compares to fusions 9,4 and 9,6 
(Figure 4). These data suggest that the C505P mutation of Hxt2 is 
responsible for the improved D-xylose affinity. Sugar transport assays 
of the Hxt2C505P mutant showed similar Km values (8.3 ± 1.0 mM for 
D-xylose and 1.22 ± 0.05 mM for D-glucose) compared to the chimeras 
9,4 and 9,6 (Table 1). To further verify the improved affinity for D-xylose, 
the Hxt deletion strain DS68625 expressing the Hxt2C505P mutant was 
aerobically grown in 0.1 % D-xylose and 0.025 % D-maltose (Figure 5). 
Indeed, the Hxt2C505P mutant grows at similar growth rate on D-xylose 
as compared to fusion 9,4 and reaches the levels of biomass, whereas 
the strain with the wild-type Hxt2 lags behind. To explore the sequence 
space of Hxt2C505 all amino acid substitutions at position 505 were 
tested, but none showed the same improvement in D-xylose affinity 
as compared to the proline (data not shown). 

Figure 3. D-xylose uptake of the DS68625 hexose transporter deletion strain ex-
pressing Hxt2 (), the gene fusions 9,4 () and 9,6 () and the N-terminal fusion 
(), C-terminal fusion 9,4 () and C-terminal fusion 9,6 () in plasmid pRS313-
P7T7. Errors are the standard deviation of two independent experiments

Table 1. Km and Vmax values for D-glucose and D-xylose uptake by Hxt2 and 
the fusion transporters 9,4 and 9,6 and Hxt2C505P expressed in strain DS68625.

Km
(mM)

Vmax
(nmol mg/DW.min)

D-glucose D-xylose D-glucose D-xylose

Hxt2 0.95 ± 0.07 23.7 ± 2.10 91.45 ± 0.60 32.98 ± 2.09

Fusion 9,4 0.76 ± 0.01 9.37 ± 3.91 82,90 ± 3.68 35.18 ± 3.05

Fusion 9,6 0.78 ± 0.02 6.86 ± 2.30 73.70 ± 2.05 31.55 ± 4.10

Hxt2 C505P 1.22 ± 0.05 8.30 ± 1.0 67.30 ± 4.88 27.70 ± 1.70

Errors are the standard of the mean of 2 (D-glucose) or 4 (D-xylose) independent experiments. 
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DISCUSSION

The use of lignocellulosic biomass for ethanol production with S. cer-
evisiae is a promising technology for the additional supply of energy 
from renewable and non-food resources. The first and main hurdle to 
overcome is the efficient co-fermentation of hexoses and pentoses 
since transport rates for pentoses in general, and D-xylose in particular, 
are insufficient. To increase the transport activity for D-xylose it is 
important to also improve on the transport affinity which is orders of 
magnitude poorer than for glucose (70). Without any structural bias, 
a generic gene shuffling method (115) was used to generate shuffled 
libraries of the main Hxt genes. Using the transporter deletion strain 
DS68625, in which the main hexose transporters Hxt1–7 and Gal2 
are deleted, we screened 5 shuffling libraries at a low D-xylose con-
centration of 0.1 % for 40 hours and obtained 2 different variants with 
improved affinities towards D- xylose. In this screen, only limited growth 
was observed with the wild-type Hxt2 transporter while growth was 
even poorer when Gal2, Hxt36 and Hxt1 were tested. Both shuffling 
variants (fusions 9,4 and 9,6) show a remarkable homology as they 
both share the identical N-terminus of Hxt5 and a similar C- terminus 
of Hxt4. The main, and central part, of both chimeras consists of 
Hxt2, the hexose transporter which shows the highest affinity for 
D- glucose (94, 117) and D-xylose (70) amongst the Hxt transporter 
family (Table1). However, fusion 9,6 also contains a small part of Hxt3, 
but since this is missing from fusion 9,4, it cannot be responsible for 
the D-xylose affinity change. Rather, the change in affinity is due to 
altered amino acids within the C-terminus of both fusions and this 
could be pinpointed at the cysteine at position 505. When this cysteine 
residue in Hxt2 was mutated into the proline found in the chimeras 
9,4 and 9,6, similar improved affinity (Table 1) and growth on 0.1 % 
D-xylose was observed (Figure 5). This proline residue is conserved 
in Hxt1,3–7 and Gal2 with the only exception a cysteine in Hxt2. The 
C505P mutation is located in the C-terminal tail of Hxt2, just down-
stream the last transmembrane domain 12. Possibly, conformational 
rigidity introduced by the proline causes a conformational change in 
Hxt2 that results in an improved D-xylose affinity without affecting 
the D-glucose affinity. Interestingly, the cysteine (TGT) to proline 
(CCA/T) mutation required at least two base pair changes which is 

Figure 5. Growth (OD600) on MM supplemented with 0.1 % D-xylose and 
0.025 % D-maltose of the DS68625 strain expressing Hxt2 (), fusion 9,4 () 
and Hxt2C505P () in plasmid pRS313-P7T7. Error bars were obtained from bi-
ological duplicates.

Figure 4. Uptake experiment with 5 mM of D-xylose in the DS68625 hexose 
transporter deletion strain expressing Hxt2 with the point mutations F497Y, 
F497Y/C505P and C505P and the controls fusion 9,4, 9,6 and Hxt2 in plasmid 
pRS313-P7T7. Errors are the standard deviation of two independent experi-
ments 
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more readily obtained in the gene shuffling approach as compared to 
classical error prone mutagenesis. 

The Km value of Hxt2 for D-xylose measured is 2 fold lower compared 
to what we measured previously (71) and significantly lower than re-
ported before (70). The conditions used in these three studies are not 
comparable as Saloheimo et.al. used a different promotor (pTPI1) and 
high copy plasmid to express Hxt2, and incubated cells on-ice before 
the uptake experiment. Also, variations in growth phase and pre-growth 
carbon source may lead to variations in uptake. It should be noted that 
in this study, the Km values for Hxt2 (C505P) and both fusions were ob-
tained using a lower cell density (OD600 of 10 instead of 100) and longer 
uptake times (10 instead of 1 minute) compared our previous study (80). 
This modification resulted in more reliable uptake data. D-xylose uptake 
was linear up to 15 minutes (data not shown). Importantly, D-xylose 
uptake via Hxt2 at high D-xylose concentrations (and thus low specific 
radioactivity) shows greater variability (70, 71) which impacts the ex-
act calculation of the Km value more significantly at the shorter uptake 
times. However, analyzing the uptake at a higher cell density and shorter 
uptake times, a similar trend in the affinity improvement was observed 
for fusion 9,4, fusion 9,6 and Hxt2C505P of 53.7 ± 6.14, 51.1 ± 4.78 and 
58.4 ± 5.43 mM respectively, compared to Hxt2 of 70.1 ±8.87 mM (data 
not shown). Furthermore, Saloheimo et.al. used the Direct Linear Plot 
method (118, 119) to calculate the kinetic values (Km 260 ± 130 mM) with 
large error whereas we use least squares fitting employing non-linear 
Michaelis-Menten kinetics. Extracting the data from the 2 most reliable 
datasets (70) and analysis by non-linear Michaelis-Menten least squares 
fitting revealed a Km of 94.4 ± 6.8 mM. Therefore, it appears that the low 
affinity for D-xylose of Hxt2 claimed does not follow from the kinetic 
data and also does not explain why Hxt2 allows growth on low con-
centrations of D-xylose whereas other HXT proteins do not (Figure 2, 
Supplemental Figure 1). Thus, we conclude that Hxt2 exhibits a better 
affinity for D-xylose than previously suggested. 

We observe improved growth and uptake of xylose with the Hxt2C505P 
mutant and conclude that gene shuffling (115) of the highly homo-
logues hexose transporters family provides a powerful tool to enhance 
D-xylose transport in S. cerevisiae. The Hxt2C505P mutation increased 
the affinity for D-xylose for Hxt2, thus providing a way to increase the 
D-xylose transport flux at low D-xylose concentration. 
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SUPPLEMENTAL DATA

Supplemental Figure 1. Growth (OD600) of the DS68625 strain expressing in-
dividual hexose transporters on minimal medium supplemented with 0.1 % 
D-xylose. Traces are pRS313P7T7-mcs (), combined Hxt1, Hxt36, Hxt4 and 
Gal2 (); gene-shuffled library #6 (), #7 (), #8 (), #9 () and #10 (). 

Supplemental Table 1. Strains and plasmids used in this study

Strain/plasmid Relevant genotype and/or characteristics Source or reference

Strains

S. cerevisiae
DS68616 Mat a. ura3–52. leu2–112. gre3::loxP. loxP-Pt-

pi:TAL1.  loxP-Ptpi::RKI1. loxP-Ptpi-TKL1. loxP-Ptpi-RPE1. 
 delta::Padh1XKS1Tcyc1-LEU2. delta::URA3-Ptpi-xylA-Tcyc1. 
His3::LoxP

DSM, The Netherlands

DS68625 DS68616. his3::loxP. hxt2::loxP-kanMX-loxP. 
 hxt367::loxP-hphMX-loxP. hxt145::loxP-natMX-loxP. 
 gal2::loxP-zeoMX-loxP

(71, 72) 

Plasmids

pRS313 E. coli/yeast shuttle vector; CEN6, ARSH4, HIS3, Ampr (120)

pRS313P7T7 pRS313 with promoter and terminator of Hxt7 (72)

Supplemental Table 2. Oligonucleotides used in cloning.

Name Sequence (5’  3’)

F HXT1 Xbai GCATTCTAGAATGAATTCAACTCCCGATCTAATATC

R HXT1 BamHi TGCATGGATCCTTATTTCCTGCTAAACAAACTCTTGTA

F HXT2 Xbai GTCCTCTAGAATGTCTGAATTCGCTACTAGCCG

R HXT2 BamHi CATCGGGATCCTTATTCCTCGGAAACTCTTTTTTCTTTTG

F HXT36 Bcui GCATACTAGTATGAATTCAACTCCAGATTTAATATCTC

R HXT36 BamHi ACGTGGATCCTTATTTGGTGCTGAACATTCTCTTGT

F HXT4 Xbai GTCCTCTAGAATGTCTGAAGAAGCTGCCTATCAAG

R HXT4 BamHi TATCGGGATCCTTAATTAACTGACCTACTTTTTTCCGA

F HXT5 Xbai GTCCTCTAGAATGTCGGAACTTGAAAACGCTCATC

R HXT5 Cfr9i GCATCCCGGGTTATTTTTCTTTAGTGAACATCCTTTTATA

F HXT7 Xbai GTCCTCTAGAATGTCACAAGACGCTGCTATTGCA

R HXT7 BamHi CATCGGGATCCTTATTTGGTGCTGAACATTCTCTTG

F Gal2 Xbai ACTCGTCTAGAATGGCAGTTGAGGAGAACAATATG

R Gal2 Cfr9i GCATCCCCGGGTTATTCTAGCATGGCCTTGTACC

F 497 Hxt2 GTTTGGTATTTTACTACTTCTACGTGT

R 497 Hxt2 ACACGTAGAAGTAGTAAAATACCAAAC

F 505 Hxt2 GTGTTTTTCTTTGTCCCTGAAACCAAGG

R 505 Hxt2 CCTTGGTTTCAGGGACAAAGAAAAACAC

F 497 505 Hxt2 GGTATTTTACTACTTCTACGTGTTTTTCTTTGTCCCTGAAACCAAG

R 497 505 Hxt2 CTTGGTTTCAGGGACAAAGAAAAACACGTAGAAGTAGTAAAATACC

Underlined are restriction sites used. In bold are the codons for mutated amino acids.

Supplemental Figure 2. 
D-xylose (Panel A) and 
D-glucose (panel B) uptake 
by the DS68625 strain ex-
pressing plasmid pRS313-
P7T7 born Hxt2 (), fu-
sion 9,4 (), fusion 9,6 () 
and Hxt2C505P (). Errors 
are the standard deviation 
of four independent exper-
iments for D-xylose and 
two independent experi-
ments for D-glucose.
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ABSTRACT

Engineering Saccharomyces cerevisiae for the utilization of pentose sugars 
is an important goal for the production of second-generation bioethanol 
and biochemicals. However, S. cerevisiae lacks specific pentose transport-
ers and, in the presence of glucose, pentoses enter the cell inefficiently 
via endogenous hexose (HXT) transporters. By means of in vivo engi-
neering, we have evolved a quadruple hexokinase deletion mutant of 
S. cerevisiae into a strain that efficiently utilizes D-xylose in the presence 
of high D-glucose concentrations. Genome sequence analysis revealed 
a mutation (Y353C) in the general co-repressor CYC8/SSN6, which was 
found to be responsible for the phenotype when introduced individually 
in the non-evolved strain. Transcriptome analysis revealed the altered 
expression of in total 95 genes, including genes involved in: 1) hexose 
transport, 2) maltose metabolism, 3) cell wall function (mannoprotein 
family), and 4) unknown functions (Seripauperin multigene family). Out 
of the 18 known HXT transporters, 9 were upregulated, especially the 
low or non-expressed HXT10, HXT13, HXT15 and HXT16 genes. Mutant 
cells show increased uptake rates of D-xylose in the presence of D-glu-
cose, as well as an elevated Vmax for both D-glucose and D-xylose trans-
port. The data suggests that the increased expression of multiple hexose 
transporters renders D-xylose metabolism less sensitive to D-glucose 
inhibition due an elevated transport rate of D-xylose into the cell.

IMPORTANCE

The yeast Saccharomyces cerevisiae is used for second-generation bioetha-
nol formation. However, growth on xylose is limited by pentose transport 
through the endogenous Hxt transporter as uptake is outcompeted by 
the preferred substrate glucose. Mutants were obtained with improved 
growth characteristics on xylose in the presence of glucose, and map to 
the regulator Cyc8. The inactivation of Cyc8 cause the increased expres-
sion of Hxt transporters thereby providing more capacity for the transport 
of xylose as well, presenting a further step towards a more robust process 
of industrial fermentation of lignocellulosic biomass using yeast.

Keywords: Sugar transporter, Xylose transport, Evolutionary engineer-
ing, Transcriptome, Yeast

BACKGROUND

Increasing energy demand and concerns of obtaining this energy from 
fossil fuels have stimulated the development of liquid fuels from renew-
able feedstock. Bioethanol, mostly used as a fuel additive, produced 
from readily fermentable agricultural feedstocks like sugar cane and 
corn is less desired because the production of these feedstocks requires 
large amounts of arable land while competing with food supply (1). A 
more sustainable source of feedstock is lignocellulosic biomass from 
hardwood, softwood and agricultural residues (2). However a major 
drawback of lignocellulosic feedstocks is the inability of the most com-
monly used yeast in industry, Saccharomyces cerevisiae, to ferment the 
substantial fraction of pentose sugars, such as D-xylose, released upon 
conversion of lignocellulose besides the hexose sugar fraction (4). In 
recent years, two strategies have been developed to equip S. cerevisiae 
with the ability to convert D-xylose into bioethanol: 1) the XR-XDH 
pathway, a two-step redox pathway in which xylose reductase (XR) 
first catalyzes the reduction of xylose to xylitol, which is subsequently 
oxidized via xylitol dehydrogenase (XDH) to form xylulose (7, 8) and 2) 
the XI pathway, a one-step conversion from xylose into xylulose using 
either a bacterial or fungal xylose isomerase (9–11). The latter path-
way, overexpressing the fungal xylose isomerase of Piromyces sp. E2 is 
used in this study. To further optimize the flux of xylose fermentation 
towards ethanol the endogenous genes of the non-oxidative pentose 
phosphate pathway were over-expressed [8]. 

Although overexpression of the xylose isomerase results in the 
desired D-xylose fermentation, the consumption of D-xylose in the 
presence of a high glucose concentration remains difficult (36). All 
currently used xylose-fermenting S. cerevisiae strains first consume 
the D-glucose, before D-xylose is metabolized. To generate an eco-
nomically feasible process in an industrial setting, it is preferred that 
both sugars are fermented simultaneously and at high consumption 
rates (121). Pentose transport and the quest for co-consumption of 
D-xylose and D-glucose is an important topic in xylose fermenting 
strains. Various approaches have been used including the introduction 
of specific xylose transporters derived from other organisms (56, 122), 
but these support only low rates of xylose transport (47, 48, 116, 123). 
Another approach, reported recently, is the mutagenesis of the hexose 
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transporters HXT7 and GAL2 genes yielding mutants that were found 
to be defective in glucose uptake while still retaining substantial xylose 
transport activity (65). In another study it was shown that, via saturated 
mutagenesis of conserved amino acid sequence motifs, HXT7 could be 
converted in a D-xylose transporter. However, this rewired transporter 
remained sensitive to glucose inhibition (33). The extensively studied 
hexose transporter (HXT) family of sugar transporters mediate glucose 
transport in S. cerevisiae (34, 35). In a strain, lacking the main hexose 
transporters HXT1–7 and GAL2, uptake of D-xylose could be restored 
by the re-introduction of HXT1, HXT2, HXT4 and HXT7 (70). In another 
study, HXT3 and a HXT36 chimera were shown to complement growth 
on D-xylose (72). Furthermore, in a D-xylose-fermenting S. cerevisiae 
strain in which all hexose transporters were deleted, it was shown that 
HXT5 also transports D-xylose [9]. However, all of these expressed HXT 
transporters have in common that the preferred substrate is D-glucose 
and not D-xylose. In the quest for a specific D-xylose transporter we 
recently showed that via a combinatorial approach of evolutionary 
engineering and directed evolution, the HXT36 gene, a chimeric HXT in 
which HXT3 and HXT6 are fused, could be converted in a specific D-xy-
lose transporter by a single amino acid change allowing co-metabolism 
of D-glucose and D-xylose (72). The best mutant, however, showed a 
rather low Vmax on D-xylose, which limited the growth rate on this sugar. 
To further optimize D-xylose transport in the presence of D-glucose we 
have used an in vivo evolutionary engineering method using a xylose-fer-
menting S. cerevisiae strain that lacks the four hexokinase genes (65, 72). 
This strain is therefore unable to grow on D-glucose, but still ferments 
D-xylose. By growing this strain on repeated batches of D-xylose in the 
presence of increasing concentrations of D-glucose, an evolved strain 
was obtained in which transport and metabolism of D-xylose is highly 
resistant to D-glucose. Genome sequencing and expression analysis 
indicates that the growth phenotype can be explained by a mutation 
in the CYC8/SSN6 gene, which leads to increased expression levels of 
the HXT transporters causing a higher transport flux of D-xylose into 
the cell in the presence of D-glucose.

RESULTS

EVOLUTIONARY ENGINEERING OF A S. CEREVISIAE 
QUADRUPLE HEXOKINASE DELETION STRAIN ON D-XYLOSE IN 
THE PRESENCE OF INCREASING D-GLUCOSE CONCENTRATION

The S. cerevisiae quadruple hexokinase (GLK1, HXK1, HXK2 and GAL1) 
deletion strain DS69473 (72, 77) was grown in a fermentor in order to 
select for an improved growth on D-xylose in the presence of D-glucose. 
This strain contains an engineered D-xylose metabolic pathway, based 
on a fungal xylose isomerase and is thus capable of growing on D-xylose 
(9–11) but it does not grow on D-glucose. The experiment was designed 
to isolate an evolved D-xylose-fermenting strain that is less sensitive 
to D-glucose inhibition. The DS69473 strain was grown aerobically in 
batch culture on 1 % D-xylose in the presence 3 % D-glucose and, in 
time, increasing concentrations of D-glucose up to 8 % (Supplemental 
Figure 1). Growth was assayed via CO2 production and optical density 
measurements during the fermentation. Because of the experimental 
batch culture setup the strain consumes the D-xylose whereas the 

Figure 1. Growth of the original DS69473 strain (closed symbols) and the 
DS69473Evo strain (open symbols) on 2 % D-xylose and 0 % (,), 6 % (,), 
12 % (,) D-glucose.
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D-glucose concentration remains unaltered. This leads, in time, to in-
creasing D-glucose to D-xylose ratios and therefore decreased growth 
rates as observed in the CO2 measurements. If needed, D-xylose was 
added to maintain growth. To further challenge the strain, slowly the 
D-glucose concentration was increased in a 40-day time frame in which 
the wild-type DS69473 adapted to the increasing ratio of D-glucose to 
D-xylose. This led to the evolved DS69473Evo strain, which was able to 
grow on D-xylose (1 %) in the presence of a 8-fold excess of D- glucose 
(8 %). The DS69473Evo strain was analyzed for growth in shake flasks on 
2 % D-xylose in the presence of various concentrations of D-glucose and 
compared to the progenitor DS69473. Both strains show comparable 
growth profiles on 2 % xylose without glucose. Growth of the original 
DS69473 strain and the evolved DS69473evo strain was inhibited 
at 6 % D-glucose although the DS69473Evo strain grows to higher 
OD600 levels compared to the parental strain (Figure 1). Growth of the 
DS69473 strain on 2 % D-xylose in the presence of 12 % D-glucose is 
completely inhibited, while the DS69473Evo strain is still able to grow. 
As expected, control experiments demonstrated that these strains are 
unable to consume and grow on D-glucose (data not shown).

D-XYLOSE UPTAKE IN THE PRESENCE OF D-GLUCOSE

To investigate the molecular basis that allows growth of the DS69473Evo 
strain on D-xylose in the presence of competing concentrations of 
D-glucose, [14C-] D-xylose uptake experiments were carried out. Al-
ready with 100 mM (~1.5 %) xylose and without glucose in the buffer, 
the DS69473Evo strain showed an increased rate of D-xylose uptake 
(49.8 ± 3.7 nmol/mgDW.h) compared to the original DS69473 strain 
(32.2 ± 1.3 nmol/mgDW.h) (Figure 2). With both strains, D-xylose trans-
port was inhibited by D-glucose but a substantial residual D-xylose up-
take rate remained with the DS69473Evo strain at the highest D-glucose 
concentrations tested. If the uptake rates were compared relative to the 
D-xylose uptake in the absence of D-glucose, the difference between 
both stains was negligible (Figure 2, inset). This suggests that the evo-
lution experiment resulted in an increased D-xylose transport activity 
but that the D-glucose sensitivity remained unchanged.

GENOME SEQUENCING

Genome sequencing of DS69473 and DS69473Evo was conducted 
to find mutations that enabled the evolved strain to grow on 1 % D- 
xylose in the presence of 8 % D-glucose. Sequencing data was mapped 
to CEN.PK113–7D strain (124). Unique variants (insertion, deletion, 
multinucleotide (MNV) and single nucleotide polymorphisms (SNP)) 
were detected by comparing the DS69473 and DS69473Evo genomes. 
When selecting variants that are found only in DS69473Evo one in-
teresting mutation was obtained in the CYC8/SSN6 gene (see Supple-
mental Table 1 for total variants of DS69473Evo). This point mutation 
(1058A>G) in CYC8/SSN6 resulted in an amino acid change Y353C and 
was found in 335 out of 336 reads that map at that position meaning 
a high coverage and frequency. The presence of the mutation was 
checked in predecessors’ strains, but found to be absent in the lineage 
(data not shown). Since the glucose/xylose uptake was changed in the 
DS69473Evo strain we focused especially on all the HXT transporters 

Figure 2. D-Xylose uptake by the in-vivo engineered S. cerevisiae strain. Uptake 
of 100 mM [14C-] D-xylose by the DS69473 () and DS69473Evo () strain 
in the presence of competing concentrations of D-glucose ranging from 0 to 
800 mM. Inset, Xylose uptake normalized to the rate observed in the absence 
of competing glucose.
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in the genome comparison between the DS69473Evo strain and the 
DS69473 yielded no differences. However, both strains showed a stop 
codon in HXT13 at position 842 (W281stop), which is also present in 
the CEN.PK113–7D strain (124). Furthermore, both strains have a 
synonymous substitution in the HXT10 gene (A1587G), which is not 
present in the genome of CEN.PK113–7D. 

REVERSE ENGINEERING OF CYC8 IN THE ORIGINAL DS69473 
STRAIN

To validate the significance of the Y353C mutation in the CYC8 gene, 
the same mutation was reverse-engineered in strain DS69473. A similar 

strain containing the kanMX marker but not the CYC8 mutation was 
constructed as a control (DS69473-Y353). The obtained strains were 
tested for aerobic growth on 2 % D-xylose and 12 % D-glucose in shake 
flasks (Figure 3) analogous to the evolution experiment. A highly similar 
growth pattern was obtained in the DS69473-Y353C strain compared 
to the DS69473Evo strain (Figure 1). In contrast, the DS69473-Y353 
control strain is unable to grow on 2 % D-xylose and 12 % D-glucose, 
and shows normal growth at 2 % D-xylose only (data not shown). This 
demonstrates that the Y353C mutation in the CYC8 gene is the main ele-
ment responsible for the obtained phenotype in the DS69473Evo strain.

SATURATION MUTAGENESIS OF RESIDUE 353 OF CYC8 

To explore the sequence space of position Y353 in Cyc8, all further 
amino acid substitutions were individually introduced into the CYC8 
gene using the CRISPR/Cas9 technology. The Cyc8-Y353 mutants 
were transformed to the original DS69473 hexokinase deletion strain 
and tested for growth on 2 % D-xylose and 12 % D-glucose. Improved 
growth (within 48 hrs) occurred with 10 additional mutants relative 
to wild-type Cyc8 (Supplemental Figure 2). However, none of these 
mutants showed a significantly improved growth rate compared to the 

Figure 3. Growth of the DS69473 Y353 strain () and the DS69473 Y353C 
strain () on 2 % D-xylose and 12 % D-glucose.

Table 1. Transcriptome data of all HXT transporters expressed in DS69473 
 CYC8(Y353C) and DS69473 CYC8(Y353). HXT transporters are ranked based 
on total expression level as measured by RNAseq. Indicated is also the percent-
age of transcripts for all genes combined, showing the relative abundance of the 
transcript, as well as the ratio (FC) of the expression in DS69473 CYC8(Y353C) 
versus in DS69473 CYC8(Y353). Also indicated is the sum of HXT transporter 
genes transcripts and of all genes, showing no major global increase in mRNA.

CYC8(Y353) CYC8(Y353C)

Probe Gene Chromosome mRNA level % of total mRNA level  % of total FC 

YMR011W HXT2 XIII 13238 53.7 24749 51.5 1.9

YDR343C HXT36 IV 2947 12.0 6643 13.8 2.3

YDR342C HXT7 IV 1307 5.3 6234 13.0 4.8

YHR092C HXT4 VIII 5093 20.7 4750 9.9 0.9

YHR096C HXT5 VIII 358 1.5 1903 4.0 5.3

YHR094C HXT1 VIII 528 2.1 1629 3.4 3.1

YJL214W HXT8 X 917 3.7 797 1.7 0.9

YDL245C HXT15 IV 54 0.2 485 1.0 9.0

YJR158W HXT16 X 38 0.2 316 0.7 8.3

YEL069C HXT13 V 11 <0.1 367 0.8 34.3

YFL011W HXT10 VI 16 0.1 127 0.3 8.1

YJL219W HXT9 X 53 0.2 46 0.1 0.9

YOL156W HXT11 XV 53 0.2 37 0.1 0.7

YLR081W GAL2 XII 25 0.1 14 <0.1 0.6

YNL318C HXT14 XIV 9 <0.1 4 <0.1 0.4

Sum of all HXT transporters: 24647 48102 1.95

Sum of all genes: 2706604 2655949 0.98



CH
A

PT
ER

 3

58

Im
pr

ov
ed

 x
yl

os
e 

m
et

ab
ol

ism
 b

y 
a 

CY
C8

 m
ut

an
t o

f S
ac

ch
ar

om
yc

es
 c

er
ev

isi
ae

59RESULTS RESULTS

original Cyc8 Y353C mutant. Therefore, in all further experiments the 
Cyc8 Y353C mutant was used.

TRANSCRIPTOME ANALYSIS OF THE CYC8 MUTANT STRAIN

To further examine the transcriptional impact of the CYC8 Y353C 
mutation, RNAseq analysis was carried out with the DS69473-Y353C 
and DS69473-Y353 strains, grown for 29 hours on 2 % D-xylose in 
the presence of 6 % D-glucose. In the comparison, 93 genes were up- 
regulated and 2 genes were down-regulated in strain DS69473-Y353C 
(Supplemental table 2). The up- and down regulated genes are distrib-
uted over almost all chromosomes and four main functional clusters 
of genes could be identified: 1) the down-regulation of two maltose 
permeases (MAL11 and MAL31) and 2 maltases (MAL12 and MAL32), 
2) the up-regulation of members of the Seripauperin multigene family 
(10 PAU genes up-regulated) and 3) up-regulation of the cell wall man-
noprotein family (8 genes up-regulated e.g. TIR1, FIT2). Most notably, 
there was the 4) up-regulation of members of the hexose transporter 
family including highly (HXT1, HXT2, HXT36, HXT5 and HXT7) and silent 
or low expressed genes (HXT10, HXT13, HXT15 and HXT16) (Table 1). 
Combining the absolute expression levels of all HXT transporters, the 
overall expression was nearly 2-fold higher in the DS69473-Y353C 
mutant compared to the DS69473-Y353 control strain (Table 1). RNA-
seq data of all the HXT transporters was confirmed by qPCR (data 
not shown). Out of the 93 up-regulated genes, 34 are located in the 
30 Kbp of the telomeric region of the various chromosomes which is 
consistent with data published before (125). 

Next, uptake experiments with [14C-] D-xylose were performed in 
order to study the effect of the increased expression of HXT trans-
porters in the DS69473-Y353C mutant strain. The collective kinetic 
parameters for D-xylose uptake were improved in the DS69473-Y353C 
strain compared to the DS69473-Y353 strain, showing an increased 
Vmax (287.7 ± 14.5 nmol/mgDW.h versus 244.1 ± 24.1 nmol/mgDW.h) and 
an improved apparent Km (368.5 ± 48.0 mM versus 486.8 ± 60.9 mM) 
(Figure 4). Uptake of D-glucose also was increased with a Vmax of 
147.5 ± 7.2 nmol/mgDW.h in the DS69473-Y353C mutant versus 
99.3 ± 4.5 nmol/mgDW.h in the DS69473-Y353Y control strain, with 

apparent Km values of 48.2 ± 2.9 mM and 29.9 ± 2.3 mM, respectively. It 
should be stressed that the above kinetic parameters are an approxi-
mation as they reflect the overall transport activity of the yeast strains. 
Summarizing, these data demonstrate that the evolved strain exhibits 
enhanced rates of D-glucose and D-xylose transport.

Figure 4. Kinetic parameters for D-xylose (A) and D-glucose (B) uptake. Uptake 
was measured in nmol/mgDW.min in the DS69473 Y353Y strain () and the 
DS69473 Y353C strain (). The uptake levels of the DS68625 strain, in which 
HXT1-HXT7 and GAL2 were deleted, were for both sugars subtracted from the 
DS69473 and the DS69473 Y353C strains to correct background sugar up-
take and cellular binding.
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61RESULTS RESULTS

CHARACTERIZATION OF A CYC8 DELETION STRAIN

To investigate if the Y353C mutation in the CYC8 gene is a functional 
change or inactivation of the protein, a CYC8 deletion strain was stud-
ied. Although various attempts were made with the HIS3 marker as 
well as the kanMX marker and also with different flanking regions, no 
inactivation mutant of the CYC8 gene could be obtained in the original 
DS69473 hexokinase deletion strain. When the same constructs were 
transformed to the DS68616 strain, a xylose-fermenting strain with 
intact hexokinase genes, the appropriate deletion was obtained in which 
the CYC8 gene was replaced with the kanMX resistance marker as con-
firmed by PCR (data not shown). Additionally, the CYC8 Y353C mutation 
was introduced into DS68616, yielding strain DS68616-CYC8-Y353C 
and the control DS68616-CYC8-Y353 both harboring the kanMX resis-
tance marker. All three strains were grown on 2 % D-xylose and 6 % D- 
glucose to the mid-exponential growth phase and total RNA was isolated. 
Using qPCR, ADH1, FIT2 and HXT13 were found to be 0.3 (p=0.028), 
8.7 (p=0.034) and 36.2 (p=0.000) times up-regulated in the DS69473-
Y353C strain, respectively. The DS68616-CYC8-Y353C mutant strain 
showed similar results as compared to the DS69473-Y353C mutant 
strain (ADH1 = 0.25 ± 0.02, FIT2 = 2.9 ± 0.10 and HXT13 = 16.62 ± 1.06). 
Likewise, the  DS68616Δcyc8 strain showed a similar up-regulation 
for the HXT13 gene (14.9 ± 1.5) and a down-regulation for the ADH1 
gene (0.42 ± 0.08). In this strain, the FIT2 gene (0.10 ± 0.01) was down- 
regulated. HXT10 and HXT15/16, both characteristic for the Hxt up-
regulated phenotype, are respectively 5.82 ± 0.64 and 13.36 ± 1.04 fold 
upregulated in the DS68616Δcyc8 strain (Supplemental Figure 3). It is 
of interest to note that the silent and inactivated HXT13 gene was also 
up-regulated in the DS69473evo and DS69473-Y353C strains (data 
not shown), suggesting a common mechanism. 

CHARACTERIZATION OF A XYLOSE FERMENTING INDUSTRIAL 
STRAIN EXPRESSING CYC8-Y353C

The impact of the Y353C mutation in CYC8 on D-xylose consump-
tion was further studied in an industrial relevant strain that carries 
the four hexose kinases (GLK1, HXK1, HXK2 and GAL1) and thus is 

capable of glucose consumption. DS68616-CYC8-Y353, DS68616-
CYC8-Y353C and DS68616-ΔCYC8 strains were inoculated at an 
OD600 of 10 and grown for 8 hours on 2 % D-glucose and 2 % D-xylose. 
Since the DS68616-ΔCYC8 strain flocculates and showed a severely 
reduced growth rate (data not shown), it was not further analyzed. 
Strain DS68616-CYC8-Y353C showed a reduced growth rate on the 
glucose-xylose mixture as compared to the DS68616-CYC8-Y353 
wild-type strain (Supplemental Figure 4C), but the initial D-xylose con-
sumption was higher in the DS68616-CYC8-Y353C mutant strain as 
compared to the DS68616-CYC8-Y353 wild-type strain (Supplemen-
tal Figure 4B). In contrast, D-glucose consumption remains unaltered 
(Supplemental Figure 4A). This shows that also in a glucose consuming 
strain, xylose consumption is stimulated by the CYC8-Y353C mutation. 

OVEREXPRESSION OF THE UP-REGULATED SILENT HXT 
TRANSPORTER GENES

To examine the role of individual up-regulated HXT transporters in 
the phenotype of the DS69473Evo strain, the genes of several HXT 
transporters were all amplified from genomic DNA of the DS69473Evo 
strain, and cloned in the yeast expression vector pRS313-P7T7 [22]. It 
should be noted that we assume that the DS69473 and DS69473Evo 
strains displays a deletion of the last 18.9 Kbps of the telomeric re-
gion of the right arm of chromosome XIV, including HXT17 (YNR072W). 
This is partially in contrast with the de novo genome sequencing of the 
progenitor strain CEN.PK113–7D where only the genes YNR070W, 
YNR071C, YNR074C, YNR075C and YNR077C were found to be de-
leted which cover different parts of the telomeric region (124). However, 
the genes reported to be present in this study, YNR072W (HXT17), 
YNR073C (DSF1) and YNR076W (PAU6) all have a homolog elsewhere 
on the genome with 97, 99 and 100 % similarity, respectively. Therefore, 
it appears that these were mapped incorrectly and that instead the 
entire 18 Kbps DNA fragment was deleted in CEN.PK113–7D strain. 
PCR amplification on genomic DNA of the yeast strains S288C, CEN.
PK113–7D and DS69473 showed that 3 out of 3 fragments failed to be 
amplified in the latter two strains whereas in the S288C strain, this am-
plification was possible (data not shown). Since HXT13 contains a stop 
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63DISCUSSION DISCUSSION

codon in at position 842 (W281stop), it was not further examined for 
overexpression and complementation. Moreover, due to the very high 
nucleotide sequence homology (99 %) between HXT15 and HXT16, the 
individual genes could not be separated by sequencing. In the DS69473 
strain, HXT10 and HXT15/16 are not expressed. These genes are, how-
ever, up-regulated in the DS69473Evo strain and were therefore also 
over-expressed individually in the hexose transporter deletion strain, in 
which HXT10 and HXT15/16 are silent (see Supplemental Table 3). Both 
HXT10 and HXT15 were able to complement growth on 2 % D-glucose 
(Supplemental Figure 5A). However, only HXT10 showed growth com-
plementation on 2 % D-xylose (Supplemental Figure 5B), but growth was 
relatively poor compared to other HXT genes (e.g. HXT2 and HXT7; data 
not shown). Thus, HXT10 was not further analyzed. These data suggest 
that HXT transporters individually are not responsible for the observed 
phenotype. Rather, the CYC8 mutation causes an increased expression 
of a set of HXT transporters thereby changing the transporter landscape 
and concomitant elevated rates of D-glucose and D-xylose transport.

DISCUSSION

In the yeast Saccharomyces cerevisiae, HXT transporters (HXT1-HXT7) 
function as facilitators for D-glucose uptake allowing cells to grow 
efficiently on media containing high concentrations of this sugar. In 
an industrial setting, where a xylose-fermenting S. cerevisiae strain is 
used to convert D-xylose and D-glucose from lignocellulosic biomass 
into bioethanol, co-consumption of these sugars is essential to shorten 
fermentation times and to prevent inhibitory effects by toxic metabo-
lites on D-xylose metabolism that is usually slower in these engineered 
strains. Co-metabolism is therefore desired for the development of a 
robust fermentation process. Although the S. cerevisiae strain DS68616 
used in this study metabolizes D-xylose efficiently, the uptake, and 
therefore consumption, of D-xylose, is strongly inhibited by D-glucose. 
This is because D-xylose is transported via HXT transporters that pre-
fer D-glucose above D-xylose (36, 70, 72). To overcome this glucose 
transport inhibition and to select for mutants with an increased and 
more specific D-xylose uptake, a D-xylose-metabolizing DS69473 strain 
was used which lacks the four hexokinase genes and is thus unable to 

grow on D-xylose in the presence of high concentrations of D-glucose. 
This strain does not grow on D-glucose because of the inability to me-
tabolize this sugar. The evolutionary engineering process yielded the 
DS69473Evo strain, which is able to grow on a high ratio of D-glucose 
to D-xylose. Uptake experiments indeed show an improved D-xylose 
uptake in the presence of increasing concentration of D-glucose, albeit 
D-xylose uptake remains to be inhibited. Genome sequencing of the 
evolved DS69473Evo strain identified the Y353C mutation in the CYC8 
gene and by transcriptomics, the subsequent increased expression of 
a large number of the HXT transporters could be demonstrated caus-
ing both an increased Vmax of D-xylose and D-glucose uptake. Further 
mutagenesis of the Y353 position, showed that other substitutions can 
result in improved growth, but the original cysteine mutant appears 
to exhibit the strongest phenotype. A previous study also described a 
point mutation in the CYC8 gene in an evolutionary engineering exper-
iment which optimized D-xylose consumption in a D-xylose fermenting 
S. cerevisiae strain (126). Either because of that mutation, or two other 
mutations found in the evolved strain (126), the expression levels of 
the genes involved in xylose metabolism (e.g. XYL1 and XYL2) were 
increased causing improved D-xylose consumption but not an increased 
growth on D-xylose in the presence of D-glucose. The Y353C mutation 
in the CYC8 gene is located in the before last (number 9 out of 10) 
tetratricopeptide (TPRs) which are functional domains required for the 
interaction with Tup1p. A distinct subset of TPR motifs is needed for the 
repression of different classes of genes affected by the Cyc8p-Tup1p 
co-repressor complex, especially TPRs 8 and 9, and possibly 10. These 
are shown to be critical for glucose repression (127, 128). During glu-
cose repression, the Cyc8p-Tup1p co-repressor complex interacts with 
Mig1p and inhibits Mig1p activation (99, 129). Transcriptome data of 
a S. cerevisiae wild-type strain in which the TUP1 gene was deleted 
showed the 2-fold upregulation of 225 genes including 15 genes en-
coding or involved in flocculation, serine-rich cell wall mannoproteins, 
seripauperin and the hexose transporter family (130). The latter group 
includes all HXT genes except for HXT5, HXT10 and HXT14. Although 
there is a major overlap in up-regulated HXT genes in our data set, the 
CYC8 mutation does not cause the upregulation of GAL2, HXT4, HXT8, 
HXT9, HXT11 and HXT14 and thus the phenotype differs from the tup1 
deletion. Out of the 93 genes, which are up-regulated in the CYC8 
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65DISCUSSION CONCLUSIONS

Y353C mutant strain, 34 genes are 2-fold up-regulated in the tup1 de-
letion strain. Our data further demonstrates that a cyc8 deletion strain 
does not have the same phenotype as the CYC8 Y353C mutant strain. 
This CYC8 deletion strain showed a tendency to flocculate, which was 
not observed with the CYC8 Y353C mutant strain. Flocculation was 
also observed previously in a cyc8 (131) and tup1 (132, 133) deletion 
strain. However, since Hxk2p is a bi-functional enzyme, both a catalyst 
and an important regulator in glucose repression, the phenotype of a 
strain with 2 mutations in the glucose catabolite repression mechanism 
(CYC8 Y353C and Δhxk2) might differ from the one with only the CYC8 
Y353C mutation. Overall we conclude that the phenotype of the Y353C 
mutation in the CYC8 gene has substantial overlap with phenotype of 
strains carrying a deletion of the CYC8 or TUP1 gene. It should also 
be noted that in addition to the aforementioned functional classes of 
genes including the HXT transporters, a number of individual genes 
were up-regulated. In particular, the almost 6-fold upregulation of TKL2 
gene is of interest as this gene encodes for a transketolase that cata-
lyzes the conversion of xylulose-5-phosphate and ribose-5-phosphate 
to sedoheptulose-7-phosphate and glyceraldehyde-3-phosphate in the 
pentose phosphate pathway and thus in the metabolism of D-xylose. 
The low expressed TKL2 is a paralog of TKL1. Although the TKL1 gene 
is 1.4-fold down-regulated in the CYC8 mutant strain, its expression is 
still 26-fold higher than TKL2. Based on the expression levels, it appears 
unlikely that an increased TKL2 expression causes a major change in 
D-xylose metabolism. The upregulated genes HXT15 and HXT16 have 
recently been identified as mannitol and sorbitol transporters (134). 
They, cluster with the sorbitol dehydrogenases SOR2 and SOR1 genes, 
respectively. The latter genes were also upregulated in the DS69473 
Y353C mutant strain (Supplemental table 2). However, upregulation 
of SOR1 could also be caused by the increased influx of D-xylose into 
the cell since D-xylose induces the expression of SOR1 (135). This may 
also apply to SOR2. Furthermore, HXT15 is able to transport xylitol, 
which may have a negative effect on biomass and/or ethanol produc-
tion since xylitol inhibits the xylose isomerase (17). It should be noted 
that in the DS69473 derived strains, the aldose reductase GRE3 was 
deleted to prevent accumulation of xylitol. Although the upregulation 
of silent hexose transporters HXT10 and HXT15 occurred in the CYC8 
Y353C mutant, these HXTs do not substantially contribute to the overall 

phenotype of an increased growth rate on D-xylose in the presence 
of D-glucose. The genes are low expressed and individually, could not 
fully complement a transporter deletion strain for xylose transport and 
metabolism. We conclude that the phenotype relates to the increased 
expression of the “main” hexose transporters HXT2, HXT36, and HXT7 
and to a lesser extent HXT5, and HXT1 causing elevated rates of uptake 
of both D-glucose and D-xylose. Under these conditions, D-glucose 
remains the most favorable transported sugar, but because of the 
higher transport capacity, also an increased rate of D-xylose transport 
is observed driving improved D- xylose metabolism. Thus, mutation 
of CYC8 might be a general means to increase the expression of HXT 
transporters in order to improve hexose/pentose co-metabolism.

CONCLUSIONS

A mutation (Y353C) in the general transcriptional co-repressor CYC8 
causes the altered transcription of a large group of genes involved in sugar 
metabolism and cell wall biogenesis, including the upregulation of almost 
all HXT transporter genes. This leads to an increased uptake of D-xylose 
in the presence of D-glucose, providing a general means to increase the 
sugar transport flux in strains that co-metabolize D-glucose and D-xylose.

METHODS

MOLECULAR BIOLOGY TECHNIQUES AND CHEMICALS

DNA polymerase, restriction enzymes and T4 DNA ligase were acquired 
from Fermentas. Oligonucleotides used for strain constructions were 
purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands). Yeast 
genomic DNA for genome sequencing was isolated using the YeaStar™ 
Genomic DNA Kit (ZymoResearch, Irvine, CA, USA) following manu-
facturer’s instructions. Total RNA was isolated and cDNA was prepared 
from S. cerevisiae cells as described before (72). Antibiotics for selection 
of introduced constructs in yeast, hygromycin and geneticin (G418) 
were acquired from Invitrogen (Toulouse, France); nourseothricin was 
acquired from Werner Bioagents (Jena, Germany).
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67METHODS METHODS

STRAINS AND GROWTH CONDITIONS

The construction of DS68625 (71) and DS69473 (77) has been described 
elsewhere. S. cerevisiae strains used in this study (Supplemental Material 
and Methods; Supplemental table 3) were provided by DSM Bio-based 
Products & Services. Xylose-fermenting S. cerevisiae strains were pro-
vided by DSM and made available for academic research under a Ma-
terial Transfer Agreement with DSM (contact: paul.waal-de@dsm.com). 
Fed-batch cultures were grown in minimal medium supplemented with 
vitamin solution and trace elements (136) in a laboratory fermentor with 
a working-volume of 500 ml (Applikon, Schiedam, the Netherlands) at a 
temperature of 30 °C and pH 4.5. The dissolved oxygen (DO) was set at 
5 %, stirring at 400 rpm and the starting OD600 was 0.2. Shake flask ex-
periments at 200 rpm were also done in minimal medium supplemented 
with 2 % D-maltose, 2 % D-xylose/0.05 % D-maltose and 2 % D-glucose. 
The 0.05 % D-maltose was added in order to circumvent an elongated 
lag-phase in minimal medium with only 2 % D-xylose. Cell growth was 
monitored by optical density (OD) at 600 nm using an UV-visible spec-
trophotometer (Novaspec PLUS).

IN VIVO EVOLUTION

The quadruple hexokinase deletion mutant DS69473 was evolved in 
batch cultivation to grow on a 1 % D-xylose concentration in the pres-
ence of increasing concentrations of D-glucose (3–8 %). Growth of the 
DS69473 strain was followed in time by CO2 measurements, whereas 
the levels of D-xylose and D-glucose were monitored by HPLC analysis 
to confirm that the cells were growing solely on D-xylose. The D-glucose 
to D-xylose ratio at the start of the evolutionary engineering was kept 
low at a 1:3 ratio but increased during the experiment, eventually reach-
ing 1 % D-xylose and 8 % D-glucose. In the setup used, the DS69473 
strain consumes only the D-xylose, which leads to higher glucose to 
xylose ratios in time and therefore a drop in growth rate. When the CO2 
production was reduced, additional xylose (5 ml of 50 % D-xylose added 
to 500 ml fermentor volume) was added to maintain growth. On average 
after 6–7 days the culture was diluted into fresh medium with a higher 
D-glucose to D-xylose ratio (Supplemental Figure 1). After 40 days, the 

evolved DS69473 strain was plated on 1 % D-xylose and 8 % D-glucose. 
A single colony (DS69473Evo) was used for further analysis.

ANALYTICAL METHODS

HPLC (High performance liquid chromatography) (Shimadzu, Kyoto, 
Japan) was performed using an Aminex HPX-87H column at 65 °C (Bio-
RAD) and a refractive index detector (Shimadzu, Kyoto, Japan) was used 
to measure the concentrations of D-glucose and D-xylose. The mobile 
phase was 0.005 N H2SO4 at a flow rate of 0.55 ml/min.

GENOME SEQUENCING

Both strains DS69473 and DS69473Evo were sequenced using Illu-
mina HiSeq with mate-pair (50 bp long reads, insert size 3.2–6.3 kbp) 
and paired-end libraries (100 bp long reads, insert size 200–400 bp) 
at Baseclear B.V. (Leiden). For DS69473 31 million read pairs were 
obtained and for DS69473Evo 37 million read pairs. Data was of high 
quality (average Phred score >35). CLC genomics workbench 7.5.1 
(Qiagen) was used to analyse the data. Reads were trimmed at Phred 
score of 30 and allowing only 2 ambiguous nucleotides per read. Both 
datasets retained more than 95 % of the data after trimming. Mapping 
was done versus CEN.PK113–7D public genome (124) downloaded as 
genbank file from NCBI (PRJNA52955; 70 scaffolds, 12 Mbp assembly) 
using strict alignment settings. This resulted in 78 % (DS69473) and 
75 % (DS69473Evo) of the data mapped amounting to 300x coverage 
of the CEN.PK113–7D genome. The public CEN.PK113–7D genome 
assembly does not contain mitochondrial DNA, which explains the 
relative low mapping frequency. The low frequency variant detection 
from CLC genomics workbench was used to detect variants using a 
minimum count of 10 (at least 10 reads need to support the variant). 
Since these are haploid strains the variant frequency (number of reads 
supporting variant/total coverage at that position) was set to 80 %. 
Variants from DS69473 were compared with DS69473Evo only vari-
ants present in the evolved DS69473Evo were kept. This resulted in 
75 variants (31 SNV, 12 MNV, 17 Insertion, 15 Deletion) of which 33 are 
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69METHODS METHODS

in assembly gaps (nucleotide unknown in reference) (Supplemental Ta-
ble 1). Of the remaining 42 variants the mapping was inspected visually, 
only one variant remained that could potentially cause the improved 
phenotype of DS69473evo; Tyr353Cys in Cyc8p. 

SATURATION MUTAGENESIS OF CYC8 Y353

The Cas9 expression vector p414 TEF1p-Cas9-CYCt (Addgene) was 
cut using the restriction enzymes AdeI and MunI to remove the auxo-
trophic tryptophan marker. The KanMX marker was amplified (primers 
Supplemental Table 4) from gDNA template from the DS68625 strain 
and cut with the same restriction enzymes and subsequently ligated 
into plasmid p414 TEF1p-Cas9-CYCt yielding plasmid p414-KanMX-
TEF1p-Cas9-CYCt. The p414-KanMX-TEF1p-Cas9-CYCt plasmid was 
transformed to the DS69473 strain and the expression of the CAS9 
gene was analyzed using qPCR. Herein, we used the Crispr/Cas9 pro-
tocol from Mans et.al. (137) and pMEL16 to express the guide RNA 
targeting the CYC8 gene at the Y353 position (Supplemental Figure 
4) and targeting a PAM site 6 bp in front of the Y353 position. Two 
repair fragments with degenerated codons were used (Supplemental 
Table 4) in which the 353 position was replaced for a WNN or SNN 
yielding codons starting with a A/T or C/G, respectively. Transfor-
mation to the DS69473 strain yielded all amino acids at position 
353 except for E, K, M, W and F that were obtained separately used 
specific repair fragments. All mutations were verified after sequencing 
of the CYC8 gene. 

TRANSCRIPTOME ANALYSIS

Total RNA of both strains was isolated in triplicates after 29 hours of 
growth on 2 % D-xylose in the presence of 6 % D-glucose. RNAseq was 
analyzed on a Ion Proton™ Sequencer (PrimBio, USA) and high quality 
read data was obtained for both strains in triplicate with an average read 
length of 114 bp and an average number of reads of 11.2 M per sample. 
The FastQ files were run through a BowTie2-TopHat-SamTools pipeline 
and the resulting BAM files were analyzed in SeqMonk V0.27.0. The 

CEN.PK113–7D strain was used as a reference genome. All genes were 
quantified and run in an intensity difference statistical test in which a 
statistical difference of below 0.05 was used (p<0.05).

CYC8 GENE REPLACEMENT

In order to obtain the same Y353C mutation in the original DS69473 
strain the CYC8 gene in the DS69473 strain was replaced with the 
mutant gene with a kanMX resistance marker in front of the CYC8 
promotor region. A fragment of 52 base pairs was used as 5’ flanking 
region and a major part of the CYC8-Y353C gene was used as 3’ flank-
ing region (Supplemental table 4). The kanMX resistance marker was 
amplified via PCR with the Phusion® High-Fidelity PCR Master Mix in 
HF buffer, using a forward primer (F kanMX 5’tail) with a 52 base pair 
deletion 5’ flanking region (667–719 upstream of the CYC8 gene) and 
a reverse primer (R KanMX + CYC8) with a small 22 base pair amplifi-
cation 3’ flanking region (645–667 upstream of the CYC8 gene). The 
3’ flanking region was amplified using a forward primer (F kanMX + 
CYC8) which is the reverse compliment of the R kanMX + CYC8 primer 
and a reverse primer (R CYC8) which anneals 60 base pairs behind the 
Y353C mutation. Both fragments were used in an overlap PCR using 
only the outside primers (F kanMX 5’tail and R CYC8) in order to fuse 
the two fragments together. After transformation of the fused fragment 
into the DS69473 strain cells were plated on minimal medium contain-
ing 2 % D-xylose and G418 (200mg/l) . Colonies were tested via PCR 
using primers F CYC8 and R CYC8 (Supplemental table 4) and were 
subsequently sequenced. Sequences were verified for the presence or 
absence of the Y353C mutation in the CYC8 sequence.

CYC8 GENE DELETION

The kanMX resistance marker was amplified from genomic DNA of the 
DS68625 strain using the F 5’FR CYC8 kanMX and the R 3’FR CYC8 
kanMX primers (Supplemental table 4) using the Phusion® High-Fidelity 
PCR Master Mix in HF buffer. The F 5’FR CYC8 kanMX primer contains 
a 60 base pair flanking region homologues to the 5’ upstream region of 
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71METHODS METHODS

the CYC8 gene whereas in the R 3’FR CYC8 kanMX primer this region is 
homologues to 59 base pair downstream of the CYC8 gene. DS69473 
and DS68616 strains were transformed with the PCR amplicon and 
colonies were selected on plates containing minimal medium supple-
mented with vitamin solution, trace elements, G418 and 2 % D-xylose 
(DS69473) or 2 % D-maltose (DS68616).

REAL-TIME PCR AND PRIMERS

Real-time PCR (qPCR) on the expression of the HXT1–17, GAL2 , ADH1, 
FIT1 and CAS9 genes was performed with the primers indicated in Sup-
plemental Table 5, using the SensiMix SYBR & Fluorescein kit (Quantace 
Ltd) and the iCYCLER iQ Real Time PCR instrument (BIO-RAD). In all 
experiments actin was used as reference gene to normalize fold changes. 
The SYBR green Master Mix was used as described before (72).

CLONING OF HXT10 AND HXT15 GENES

The genes HXT10 and HXT15 were amplified from genomic DNA of the 
DS69473Evo strain using the primers listed in Supplemental Table 4 
with the Phusion® High-Fidelity PCR Master Mix with HF buffer. The 
full-length ORFs of HXT10 and HXT15 were amplified using primers 
F HXT10 XbaI, R HXT10 Cfr9I and F HXT15 XbaI and HXT15 Cfr9I 
respectively, and cloned into pRS313-P7T7. The vector pRS313-P7T7 
was described before (72) and used for the expression of HXT trans-
porters under control of the HXT7 promotor. The vector was derived 
from pRS313 (kindly supplied by DSM Biotechnology Center, The Neth-
erlands) as backbone containing the histidine selection marker and the 
CEN/ARS low copy origin for cloning in yeast.

UPTAKE MEASUREMENTS

Uptake experiments were performed as follows: cells were grown for 
24 hours at 30 °C in shake flasks in minimal medium containing 2 % 
D-xylose and were washed (via centrifugation at 3,000 rpm, 3 min, 20 °C) 

and re-suspended in minimal medium without carbon source. [14C-] 
D-xylose or [14C-] D-glucose stocks (ARC, USA) were added to the cell 
suspension, and the reaction was stopped at various time intervals by 
the addition of 5 ml of ice cold 0.1 M lithium chloride. Samples were 
filtered over 0.45 μm HV membrane filters (Milipore, France), washed 
once with an ice-cold solution of 5 ml of lithium chloride and counted 
by Liquid Scintillation Counter (Perkin-Elmer, USA). To determine the 
uptake kinetics the D-xylose and D-glucose concentrations were var-
ied from 0.5–500 mM and 0.1–500 mM, respectively. For competition 
experiments, uptake of 100 mM [14C-] D-xylose was analyzed in the 
presence of 0–800 mM unlabeled D-glucose.

List of abbreviations:  (K)BP: (kilo) base pair; HXK: hexokinase; HXT: 
hexose transporter; OD: optical density; PCR: polymerase chain reac-
tion; XKS: xylulose kinase; XI: xylose isomerase 
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SUPPLEMENTAL DATA

Supplemental Figure 1. Evolutionary engineering process of the DS69473 
strain. Depicted are the D-xylose () and D-Glucose () concentration and 
the OD600 () in time. The grey line indicates the addition of 5 ml of 50 % 
D-xylose added to 500 ml fermentor volume. 

Supplemental Figure 2. Growth (µ, -h) of the DS69473 strains expressing the 
various Cyc8 Y353 mutants in 2 % D-xylose and 12 % D-glucose after 48 hours 
in aerobic cultivation. The black bars indicate the Y353C mutant and the wild-
type Y353Y, respectively. Error bars were obtained from biological duplicates

Supplemental Figure 3. Normalized fold expression of the ADH1, FIT2, HXT10, 
HXT13 and HXT15/16 genes. Gene expression was analyzed by qPCR using 
cells grown on minimal medium with 2 % D-xylose and 6 % D-glucose for the 
wild-type DS68616 strain (black bars). the DS68616 CYC8 Y353C mutant 
strain (white bars) and the DS68616ΔCYC8 strain (grey bars). Fold expression 
was normalized relative to the ACT1 expression in the wild-type DS68616 
strain. which was set to 1.
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Supplemental Figure 4. Glucose consumption (panel A), xylose consumption 
(panel B) and growth (panel C) during mixed sugar fermentation of DS68616-
CYC8-Y353C () and the wild-type DS68616-CYC8-Y353 () on 2 % D- 
glucose and 2 % D-xylose. 

Supplemental Figure 5. Growth (OD600) of the DS68625-derived strains on 2 % 
D-glucose (panel A) and 2 % D-xylose + 0.05 % D-maltose (panel B). Depicted 
are strain DS68625 with a plasmid expressing HXT10 (), HXT15 () or the 
empty vector pRS313-P7T7 (). 

Supplemental Table 1. Genomic sequencing data. Mapping was done against 
CEN.PK113–7D and the strain DS69473 and DS69473Evo were compared. 
MNV, multinucleotide polymorphisms; SNP, single nucleotide polymorphisms.

Type Ref Allele Note Coding region
change

Amino 
acid 
change

CDS Annotation

SNP A C None reliable near telomere
Deletion T - None reliable long stretch of Ts
Deletion A - Low coverage
SNP T C 1058A>G Y353C Cyc8p General 

transcript-
tional co- 
repressor

Deletion A - None reliable long stretch of As
Insertion - T None reliable long stretch of Ts 1740_1741insA L581fs Pol4p DNA poly-

merase IV
Deletion TA - Near assembly gap
Insertion - TT Also present in parent
MNV TT GC Also present in parent
Insertion - GC Near assembly gap
Insertion - T None reliable long stretch of Ts
Deletion T - None reliable long stretch of Ts
Deletion C - None reliable long stretch of Ts
Insertion - A None reliable long stretch of As
MNV AA GG Low coverage. caused by too 

large deletion in this strain
1754_1755del
TTinsCC

F585S Rtg2p Sensor of 
mitochon-
drial dys-
function

Deletion T - Low coverage
SNV A G Also present in parent
Deletion AA - Also present in parent
Deletion A - Also present in parent
Insertion - T Also present in parent
Insertion - A None reliable long stretch of As
Insertion - T Also present in parent
Insertion - G Also present in parent
Insertion - T Also present in parent
Deletion G - Also present in parent
Insertion - T Also present in parent
SNP A T None reliable long stretch of Ts
Deletion C - None reliable long stretch of Ts
Insertion - A None reliable long stretch of As
SNP C A Near assembly gap 432G>T Fsh2p Putative 

serine 
 hydrolase

SNP A T Near assembly gap 289+2T>A
Insertion - T Also present in parent 1_2insA Met1? Kre1p Cell wall 

glycopro-
tein

Insertion - T None reliable long stretch of Ts
Insertion - A None reliable long stretch of As
Deletion A - Also present in parent
Insertion - T Also present in parent
Deletion A - Near assembly gap
Deletion A - Also present in parent
MNV GGG AAA Also present in parent 639_641del-

GGGinsAAA
P213_
G214-
delinsP_K

Spt14p UDP- 
GlcNAc-
binding and 
catalytic 
subunit

Insertion - T Also present in parent
Deletion T - Also present in parent

A B

C
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Supplemental Table 2. Summary of transcriptomics data. Depicted genes 
were quantified and run in an intensity difference statistical (p<0.05) and sub-
sequently ranked based on fold change (FC) between DS69473 Y353 and 
DS69473 Y353C.

Probe Gene Chr p-value Annotation Y353 
avg

Y353
 avg FC

YOL161C PAU20 XV 0.000
Protein of unknown function 
(seripauperin multigene family) 0.1 21.7 217.0

YBR301W PAU24 II 0.000
Cell wall mannoprotein; has similarity 
to Tir1p 0.7 50.3 75.5

YIR019C FLO11 IX 0.000
GPI-anchored cell surface glycoprotein 
(flocculin) 65.3 4695.0 71.9

YCR104W PAU3 III 0.003
Protein of unknown function 
(seripauperin multigene family) 0.3 21.7 65.0

YEL069C HXT13 V 0.000 Hexose transporter 10.7 367.3 34.3

YMR325W PAU19 XIII 0.000
Protein of unknown function 
(seripauperin multigene family) 6.0 196.0 32.7

YDR039C ENA2 IV 0.000 Na(+)-exporting P-type ATPase ENA2 24.3 742.0 30.5

YPL282C PAU22 XVI 0.000
Protein of unknown function 
(seripauperin multigene family) 3.0 85.0 28.3

YDR038C ENA5 IV 0.000 Na(+)-exporting P-type ATPase ENA5 30.7 839.3 27.4

YER011W TIR1 V 0.000
Cell wall mannoprotein; Srp1p/Tip1p 
family 8.7 213.0 24.6

YBL108C-A PAU9 II 0.012
Protein of unknown function 
(seripauperin multigene family) 1.0 24.3 24.3

YCR010C ADY2 III 0.000
Acetate transporter required for 
normal sporulation 53.7 1286.3 24.0

YJR150C DAN1 X 0.000
Cell wall mannoprotein; has similarity 
to Tir1p 24.7 584.7 23.7

YOR394W PAU21 XV 0.000
Protein of unknown function 
(seripauperin multigene family) 4.0 87.7 21.9

YDR040C ENA1 IV 0.000
Na(+)/Li(+)-exporting P-type ATPase 
ENA1|PMR2|HOR6 41.7 857.3 20.6

YIR041W PAU15 IX 0.006
Protein of unknown function 
(seripauperin multigene family) 1.7 31.0 18.6

YHR139C SPS100 VIII 0.000
Protein required for spore wall 
maturation 12.3 178.3 14.5

YGR294W PAU12 VII 0.018
Protein of unknown function 
(seripauperin multigene family) 4.7 55.3 11.9

YNL117W MLS1 XIV 0.007
Malate synthase. enzyme of the 
glyoxylate cycle 214.3 2308.7 10.8

YIL162W SUC2 IX 0.002 Invertase; sucrose hydrolyzing enzyme 1194.0 12521.7 10.5

YDL246C SOR2 IV 0.013
Protein of unknown function; 99 % 
identical to the Sor1p 128.0 1291.7 10.1

YJR159W SOR1 X 0.005 Sorbitol dehydrogenase 115.0 1151.0 10.0
YMR175W SIP18 XIII 0.002 Phospholipid-binding hydrophilin 14.0 136.3 9.7

YDR536W STL1 IV 0.007
Glycerol proton symporter of the 
plasma membrane 123.3 1179.3 9.6

YGR088W CTT1 VII 0.031 Cytosolic catalase T 134.0 1212.0 9.0
YDL245C HXT15 IV 0.003 Hexose transporter 54.0 485.0 9.0

YOR382W FIT2 XV 0.034
Mannoprotein that is incorporated into 
the cell wall 254.3 2210.7 8.7

YNR060W FRE4 XIV 0.000 Ferric reductase 47.3 401.7 8.5

YOR391C HSP33 XV 0.000
Possible chaperone and cysteine 
protease 22.7 191.7 8.5

YJR158W HXT16 X 0.000 Hexose transporter 38.0 315.7 8.3
YPL272C PBI1 XVI 0.035 Putative protein of unknown function 145.3 1200.3 8.3
YFL011W HXT10 VI 0.014 Hexose transporter 15.7 127.0 8.1

YMR322C SNO4 XIII 0.009
Possible chaperone and cysteine 
protease 17.0 130.7 7.7

YOR383C FIT3 XV 0.016
Mannoprotein that is incorporated into 
the cell wall 760.7 5707.7 7.5

YNR073C XIV 0.000
Putative mannitol dehydrogenase; 
paralog of DSF1 37.7 276.0 7.3

Probe Gene Chr p-value Annotation Y353 
avg

Y353
 avg FC

YEL039C CYC7 V 0.000
cytochrome c isoform 2|iso-2-
cytochrome c 25.0 182.3 7.3

YLR307C-A XII 0.014 Putative protein of unknown function 176.7 1261.7 7.1
YEL070W DSF1 V 0.000 Putative mannitol dehydrogenase 41.7 296.0 7.1
YER053C-A V 0.037 Protein of unknown function 11.0 74.7 6.8
YMR244W XIII 0.020 Putative protein of unknown function 141.0 942.7 6.7
YER065C ICL1 V 0.041 Isocitrate lyase 1288.0 8385.3 6.5
YDR133C IV 0.009 Dubious open reading frame 650.7 4216.0 6.5
YOL084W PHM7 XV 0.000 Protein of unknown function 56.3 364.3 6.5
YAR070C I 0.024 Dubious open reading frame 5.3 34.0 6.4
YGR067C VII 0.000 Putative protein of unknown function 68.0 433.0 6.4

YIL011W TIR3 IX 0.006
Cell wall mannoprotein; Srp1p/Tip1p 
family 112.0 704.3 6.3

YAL062W GDH3 I 0.021
glutamate dehydrogenase (NADP(+)) 
GDH3|FUN51 186.0 1166.0 6.3

YPL280W HSP32 XVI 0.000
Possible chaperone and cysteine 
protease 24.7 145.3 5.9

YMR095C SNO1 XIII 0.004 Protein of unconfirmed function 92.7 545.7 5.9
YBR117C TKL2 II 0.031 Transketolase; paralog of TKL1 78.3 461.0 5.9
YJR094C IME1 X 0.000 Master regulator of meiosis 15.7 91.7 5.9
YDR070C FMP16 IV 0.000 Protein of unknown function 41.3 235.3 5.7

YLR154C-H XII 0.027
Putative protein of unknown function; 
paralog of YLR157C-C 141.7 801.3 5.7

YPL223C GRE1 XVI 0.006
Hydrophilin essential in desiccation-
rehydration process 127.7 706.3 5.5

YEL049W PAU2 V 0.003
Member of the seripauperin multigene 
family 59.0 324.3 5.5

YOL150C XV 0.001 Dubious open reading frame 47.0 250.0 5.3

YBR072W HSP26 II 0.047
Small heat shock protein (sHSP) with 
chaperone activity 479.0 2540.3 5.3

YER096W SHC1 V 0.000
Sporulation-specific activator of Chs3p 
(chitin synthase III) 44.0 220.3 5.0

YGL158W RCK1 VII 0.023
Protein kinase involved in oxidative 
stress; paralog of RCK1 10.7 53.3 5.0

YDR534C FIT1 IV 0.004
Mannoprotein that is incorporated into 
the cell wall 32.3 161.0 5.0

YNL270C ALP1 XIV 0.007 Arginine transporter; paralog of CAN1 56.7 281.0 5.0
YIL099W SGA1 IX 0.005 glucan 1.4-alpha-glucosidase 78.0 380.7 4.9
YIR028W DAL4 IX 0.006 Allantoin permease 58.3 284.3 4.9

YBR147W RTC2 II 0.028
Putative vacuolar membrane 
transporter; paralog of YPQ1 92.7 446.0 4.8

YMR094W CTF13 XIII 0.013 Subunit of the CBF3 complex 37.3 176.0 4.7

YMR195W ICY1 XIII 0.015
Protein of unknown function; paralog 
of ICY2 116.7 549.3 4.7

YGR065C VHT1 VII 0.034
High-affinity plasma membrane H+-
biotin symporter 288.0 1328.7 4.6

YLL055W YCT1 XII 0.042
High-affinity cysteine-specific 
transporter 425.7 1959.0 4.6

YHR137C-A VIII 0.021 Dubious open reading frame 118.0 536.7 4.5

YHR137W ARO9 VIII 0.034
aromatic-amino-acid:2-oxoglutarate 
transaminase 239.7 1058.7 4.4

YIL111W COX5B IX 0.023 cytochrome c oxidase subunit Vb 31.3 136.7 4.4
YPR027C XVI 0.005 Putative protein of unknown function 30.0 130.3 4.3
YOL154W ZPS1 XV 0.007 Putative GPI-anchored protein 42.0 179.0 4.3

YGL162W SUT1 VII 0.021
Transcription factor of the Zn(II)2Cys6 
family; paralog of SUT2 45.0 186.3 4.1

YDL085W NDE2 IV 0.007
NADH-ubiquinone reductase (H(+)-
translocating) NDE2|NDH2 88.7 364.0 4.1

YPL036W PMA2 XVI 0.009 H(+)-exporting P2-type ATPase PMA2 107.3 436.7 4.1

YIL020C HIS6 IX 0.034
1-(5-phosphoribosyl)-5- 
((5-phosphoribosylamino)methylidene 40.0 162.0 4.1

YOR393W ERR1 XV 0.024 phosphopyruvate hydratase ERR1 25.3 102.0 4.0
YJL089W SIP4 X 0.007 C6 zinc cluster transcriptional activator 45.3 180.0 4.0
YLR159C-A XII 0.006 Putative protein of unknown function 15.7 62.0 4.0
YDR354C-A IV 0.020 Dubious open reading frame 35.7 138.0 3.9
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Probe Gene Chr p-value Annotation Y353 
avg

Y353
 avg FC

YIL166C IX 0.015
Putative protein with similarity to 
allantoate permease 47.3 180.7 3.8

YMR323W ERR3 XIII 0.007 phosphopyruvate hydratase ERR3 39.7 148.7 3.7

YOR237W HES1 XV 0.028
oxysterol-binding protein related 
protein HES1|OSH5 28.0 103.0 3.7

YOR100C CRC1 XV 0.004
Mitochondrial inner membrane 
carnitine transporter 79.7 291.7 3.7

YPL281C ERR2 XVI 0.024 phosphopyruvate hydratase ERR2 26.3 95.0 3.6

YGR144W THI4 VII 0.005
thiamine thiazole 
synthase|MOL1|ESP35 37.0 133.0 3.6

YGR052W FMP48 VII 0.008 Putative protein of unknown function 29.7 103.7 3.5
YBL075C SSA3 II 0.041 Hsp70 family ATPase SSA3|YG106 98.7 339.7 3.4
YDL023C  IV 0.040 Dubious open reading frame 50.7 168.0 3.3

YJR025C BNA1 X 0.037
3-hydroxyanthranilate 
3.4-dioxygenase|HAD1 178.3 565.7 3.2

YMR194C-B CMC4 XIII 0.047
Protein localizes to the mitochondrial 
intermembrane space 43.7 125.0 2.9

YIR032C DAL3 IX 0.042 ureidoglycolate hydrolase 44.7 126.7 2.8

YBR299W MAL32 II 0.031
alpha-glucosidase 
MAL32|MALS|MAL3S 25252.7 3741.0 0.1

YBR093C PHO5 II 0.000 Repressible acid phosphatase 675.0 74.3 0.1

Supplemental Table 3. Strains and plasmids used in this study

Strain/ plasmid Relevant genotype and/or characteristics Source/reference
Strains
S. cerevisiae
DS68616 Mat a. ura3–52. leu2–112. gre3::loxP. loxP-Pt-

pi:TAL1.  loxP-Ptpi::RKI1. loxP-Ptpi-TKL1. loxP-Ptpi-RPE1. 
 delta::Padh1XKS1Tcyc1-LEU2. delta::URA3-Ptpi-xylA-Tcyc1. 
His3::LoxP

DSM, 
The  Netherlands

DS68625 DS68616. his3::loxP. hxt2::loxP-kanMX-loxP. hxt367::loxP-
hphMX-loxP. hxt145::loxP-natMX-loxP. gal2::loxP-zeoMX-loxP

[1,2]

DS69473 DS68616 his3::loxP glk1::lox72 hxk1::loxP-hphMX-loxP 
 hxk2::lox72 gal1::loxP

This paper

DS69473Evo DS69473-derivative after evolutionary engineering by 
 chemostat cultivation on xylose in presence of glucose

This paper

Plasmids
pRS313

pRS313-P7T7_Hxt10
pRS313-P7T7_Hxt15

E. coli/yeast shuttle vector; CEN6. ARSH4. HIS3. Ampr

pRS313 containing the promotor and terminator of
HXT7 (72) and expressing HXT10
pRS313 containing the promotor and terminator of
HXT7 (72) and expressing HXT15

[3]
This paper

This paper

Supplemental Table 4. Oligonucleotides used in cloning and sequencing.

Name Sequence (5’  3’)
Hexokinase deletion 
strain
GLK1-psuc227f TATCACGTGCAGCCCAGGATAATTTTCAGGACACGTGTTTCGAAAGGTTTGT

CGCTCCGATCGACCTCGAGTACCGTTCG

GLK1-psuc225r ATTTAGTGAGCTGTTTCTTGTCAAAACAACCAACGGAAGAGGGCGAGGCTGT
TTCCTCCGCGGATCCTACCGTTCGTATAG

HXK2-psuc227f
CCACGAAATTACCTCCTGCTGAGGCGAGCTTGCAAATATCGTGTCCAAT-
TCCG
TGATGTCTCGACCTCGAGTACCGTTCG

HXK2-psuc225r TACAAAAGAAAGTACGCAAGCTATCTAGAGGAAGTGTAGAGAGGGTTAAAAT
TGGCGTGCCGGATCCTACCGTTCGTATAG

HXK1_loxP_f TCGGTTTCACTTCCTTGGGAATATTCTACCGTTCCTTCATCTTGTATTCCGGAT
CCACTAGCATAACTTCG

HXK1_loP_r GACAATGCAGCAATAACAGCAGCACCTGCACCTGAACCATCCTCAGCTTTGG
GCCGCCAGTGTGATGG

GAL1_loxP_f
TGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACTAGC-
GGA
TCCACTAGCATAACTTCG

GAL1_loxP_r AGGTATCCAAAACGCAGCGGTTGAAAGCATATCAAGAATTTTGTCCCTGTTTG
GGCCGCCAGTGTGATGG

CYC8 Y353C mutation

F kanMX 5’tail CCCTTTTCTTCTTTTGTGCACCACTCAGGGCACGAGAAAAGCTT
ATTTTTTTGTAACGGCCGCCA

R KanMX + Cyc8 CCACTAAGAACGGAGTGTGCACGCTAGATATCGTCGACACTGGATGGC
F KanMX + Cyc8 GCCATCCAGTGTCGACGATATCTAGCGTGCACACTCCGTTCTTAGTGG
R Cyc8 GTACCTAGATCGTACCAAACTTCAC
F Cyc8 GGAAGCCTACGAGCATGTCTTGG
CYC8 Y353X Crispr/Cas9
F KanMX MunI GATCCAATTGAGCTTGCCTCGTCCCCGCCG
R KanMX AdeI CCTTCACGTAGTGTCGACACTGGATGGCGGCGTTAG

 targetRNA F Cyc8
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCGG
CTCTTGTGTACGCGTCTAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
TAGTCCGTTATCAAC

targetRNA R Cyc8
GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTAGA
CGCGTACACAAGAGCCGATCATTTATCTTTCACTGCGGAGAAGTTTCGAACG
CCGAAACATGCGCA

CYC8 Y353X Crispr/Cas9

F repair Cyc8 WNN GTTTTATATTACCAAATTTCTCAATACAGAGACGCTTTAGACGCGWNNACAA
GAGCCATAAGATTAAATCCTTATATTAGTGAAGTTTGG

R repair Cyc8 WNN CCAAACTTCACTAATATAAGGATTTAATCTTATGGCTCTTGTNNWCGCGTCTA
AAGCGTCTCTGTATTGAGAAATTTGGTAATATAAAAC

F repair Cyc8 SNN GTTTTATATTACCAAATTTCTCAATACAGAGACGCTTTAGACGCGSNNACAAG
AGCCATAAGATTAAATCCTTATATTAGTGAAGTTTGG

R repair Cyc8 SNN CCAAACTTCACTAATATAAGGATTTAATCTTATGGCTCTTGTNNSCGCGTCTAA
AGCGTCTCTGTATTGAGAAATTTGGTAATATAAAAC

CYC8 deletion

F 5’FR cyc8 kanMX TACAACTACAACAGCAACAACAACAAACAAAACACGACTGGAAAAAAAAAAT
TAGGAAAAAGCTTGCCTCGTCCCCGCCGGG

R 3’FR cyc8 kanMX GCTACACAACATTTCTCGTTGATTATAAATTAGTAGATTAATTTTTTGAATGCA
AACTTTCTAGATATCGTCGACACTGGATGGCGG

HXT Overexpression
R Hxt10 XbaI ATGCTCTAGAATGGTTAGTTCAAGTGTTTCCATTTTGGG

R Hxt10 Cfr9I GACTCCCGGGTTATTTACTATCAACAATAACTAATGGTGTACTGCTTGTTGGTT
GTGGTGTTCTCCTAGAACTGG

F Hxt15 Xbai ATCGATCTAGAATGGCAAGCGAACAGTCCTCACC
R Hxt15 Cfr9I TAGACCCCGGGTCAATTAAAACTCTTTGGGAACTTCAA

Italic: restriction enzyme site
Underlined: sequence of the targets in CYC8
Bold: Codon 353 in CYC8
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Supplemental Table 5. Oligonucleotides used in qPCR.

Name Sequence (5’  3’)
ActinF
ActinR
HXT1F
HXT1R
HXT2F
HXT2R
HXT3F
HXT6R
HXT4F
HXT4R
HXT5F
HXT5R
HXT7F
HXT7R
HXT8F
HXT8R 
HXT9F
HXT9R
HXT10F
HXT10R
HXT11F
HXT11R
HXT12F
HXT12R
HXT13F
HXT13R
HXT14F
HXT14R
HXT15F
HXT15R
HXT16F
HXT16R
GAL2F
GAL2R
ADH1 F
ADH1 R
FIT2 F
FIT2 R
Cas9F
Cas9R

GGATTCTGAGGTTGCTGCTTTGG
GAGCTTCATCACCAACGTAGGAG
TGTTCTCTGTACACCGTTGACCG
AGATCATACAGTTACCAGCACCC
CTTCGCATCCACTTTCGTG
AATCATGACGTTACCGGCAGCC
GAAGCTAGAGCTGCTGGTTCAGC
ACAACGACATAAGGAATTGGAGCC
ATGGAGAGTTCCATTAGGTCTAGG
ATAACAGCTGGATCGTCTGCGC
TTGCTATGTCGTCTATGCCTCTG
AGATAAGGACATAGGCAACGGG
GGGTGCTGCATCCATGACTGC
ACAACGACATAAGGAATTGGAGCC
GTACTACTATCTTCAAATCTGTCGG
CTTGTGACGCCAACGGAGGCG
CCATTGAGAGGTTTGGACGCCG
ACACAATCATACAGTTACCGGCG
GGAATGCAAGACTCTTTCGAGAC
CTAGTGACGCCAACGGTGGCG
GCCACTCAATGGAGAGTCGGC
CAACTAGCAAGGCTGGATCGTC
CACCATCTTCAAATCTGTCGGTC
CAATCATACAGTTACCGGCACCC
CCCTCATGGCCAGGACGGTC
TTGCCATAACCAGTTGCATGCAG
GCCTTAGTAGTGTACTGCATCGGT
TGATACGTAGATACCATGGAGCC
GAGGCCTGTGTCTCCATCGCC
CACAAGAATACCTGTGATCAAACG
CAAGGAAGTATAGTAATACTGCGC
TTGGCGATGGAGACACAGGCC
TCAATGGAGAGTTCCATTAGGGC
CTGGACGGCAGGATCCTCTGG
CAGATCCATCGGTGGTGAAGTC
CTCTGGTGTCAGCTCTGTTACC
CACTAAGGTCGTTACCGACAC
GCTTGAGTGACGGTCTTGGTG
TCTGCTGGCCCAGATCGGC
GCAGTTGCTGTCTGACAAGGG
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ABSTRACT

Background: Engineering of Saccharomyces cerevisiae for the simulta-
neous utilization of hexose and pentose sugars is vital for cost- efficient 
cellulosic bioethanol production. This yeast lacks specific pentose trans-
porters and depends on endogenous hexose transporters for low affinity 
pentose uptake. Consequently, engineered xylose-fermenting yeast 
strains first utilize D-glucose before D-xylose can be transported and 
metabolized. 

Results: We have used an evolutionary engineering approach that de-
pends on a quadruple hexokinase deletion xylose-fermenting S. cere-
visiae strain to select for growth on D-xylose in the presence of high 
D-glucose concentrations. This resulted in D-glucose-tolerant growth 
of the yeast of D-xylose. This could be attributed to mutations at N367 
in the endogenous chimeric Hxt36 transporter causing a defect in 
D-glucose transport while still allowing specific uptake of D-xylose. 
The Hxt36 N367A variant transports D-xylose with a high rate and 
improved affinity, enabling the efficient co-consumption of D-glucose 
and D-xylose. 

Conclusions: Engineering of yeast endogenous hexose transporters 
provides an effective strategy to construct glucose-insensitive xylose 
transporters that are well integrated in the carbon metabolism regula-
tory network, and that can be used for efficient lignocellulosic bioeth-
anol production.

Keywords: Sugar transporter, Xylose transporter, Evolutionary engi-
neering, bioethanol, Yeast

BACKGROUND

For the last three decades biofuels produced from renewable feed 
stocks have received much publicity because of their potential to re-
place conventional fossil fuels. However, the use of readily fermentable 
agricultural feed stocks like sugar cane and corn for the production of 
bioethanol is less desirable, because of its negative connotation in the 

“food versus fuel” debate (1). Instead, lignocellulosic biomass from hard-
wood, softwood and agricultural residues is generally considered as a 
more sustainable source of feedstocks for biofuels (2). A major issue in 
the conversion of saccharified cellulosic biomass into biofuel is the utili-
zation of D-xylose, since lignocellulosic feedstocks contain a significant 
amount of this pentose sugar (4). In industrial fermentation processes, 
the yeast Saccharomyces cerevisiae is generally used for bioethanol pro-
duction. Since S. cerevisiae cannot naturally ferment pentose sugars like 
D-xylose, it has been converted into a xylose-fermenting yeast via the 
introduction of a fungal xylose isomerase (11, 138) (Figure 1). Although 
this results in the desired D-xylose fermentation, the consumption of 
D-xylose in the presence of a high D-glucose concentration remains diffi-
cult (36). In general, xylose-fermenting S. cerevisiae strains first consume 
the D-glucose, before D-xylose is metabolized. In an industrial setting, it 
is preferred that both sugars are fermented simultaneously and at high 
rates (121) to generate an economically feasible process. The first hurdle 
for efficient D-xylose consumption in the presence of D-glucose is the 
uptake of D-xylose by the yeast cell (73), while subsequent suboptimal 
intracellular metabolism and redox balancing also hamper the process. 
Some of these issues have been solved by overexpression of the genes 
of the pentose phosphate pathway (105) (Figure 1) or by the regulation 
of the redox state during D-xylose fermentation (139). Other approaches 
included the introduction of specific D-xylose transporters derived from 
other organisms (56, 122), but these heterologous systems only support 
low rates of D-xylose transport (47, 48, 116, 123) and are often not well 
integrated in the endogenous carbon metabolism regulatory network of 
S. cerevisiae. Recently, mutagenesis of the HXT7 and GAL2 genes yielded 
a GAL2 mutant that was found to be defective in D-glucose uptake while 
still retaining substantial D-xylose transport activity (65). 

Glucose transport in S. cerevisiae is mediated by the hexose trans-
porter (Hxt) family of sugar transporters (34, 35). A strain in which the 
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Figure 1. Scheme of yeast S. cerevisiae able to ferment D-glucose- and D-xylose. 
D-glucose and D-xylose are transported into the cell via the expressed hexose 
transporters Hxt1–7. The expressed Hxt36 chimera in the DS68616 lineage 
is a result of a deletion of a C-terminal part of the HXT3 coding sequence, the 
HXT3 terminator, the HXT6 promoter and an N-terminal part of the HXT6 cod-
ing sequence. The metabolism of glucose is mediated via the enzymes hexoki-
nase (HK) and glucose 6P isomerase (Pgi1) to yield fructose-6P which is further 
converted in the glycolytic pathway into ethanol. The conversion of xylose into 
xylulose is possible in S. cerevisiae via the introduction of xylose isomerase (XI), 
followed by the phosphorylation of xylulose into xylulose-5P by xylulose ki-
nase (Xks1). Xylulose-5P enters the pentose phosphate pathway to eventually 
yield fructose-6P and glyceraldehyde-3P which can be converted into ethanol. 
The key enzymes of the pentose phosphate pathway (Tal1, Rpe1, Rki1 and 
Tki1) were overexpressed for an efficient conversion. Since the endogenous 
Hxt transporters show a higher affinity for D-glucose compared to D-xylose, in 
mixed sugar fermentation, the D-glucose is used first before the D-xylose can 
be metabolized. In the transporter engineered D-xylose fermenting yeast, the 
specificity of the Hxt36 transporter is changed by mutagenesis allowing pre-
ferred uptake of D-xylose relative to D-glucose. 
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Figure 1. Scheme of yeast S. cerevisiae able to ferment D-glucose- and D-xylose. D-glucose and 

D-xylose are transported into the cell via the expressed hexose transporters Hxt1-7. The expressed 

Hxt36 chimera in the DS68616 lineage is a result of a deletion of a C-terminal part of the HXT3 

coding sequence, the HXT3 terminator, the HXT6 promoter and an N-terminal part of the HXT6 

coding sequence. The metabolism of glucose is mediated via the enzymes hexokinase (HK) and 

glucose 6P isomerase (Pgi1) to yield fructose-6P which is further converted in the glycolytic 

main sugar transporter genes HXT1–17 and GAL2 were deleted was 
found to be unable to grow on D-xylose and D-glucose. In this strain, 
growth on D-xylose could be restored by the re-introduction of HXT4, 
HXT5, HXT7 or GAL2 (36). Following a similar approach with a deletion 
strain lacking the main hexose transporters (Hxt1–7 and Gal2), uptake 
of D-xylose could be restored by the re-introduction of HXT1 and HXT2 
(70). A major drawback of these endogenous Hxt transporters is their 
low affinity for D-xylose as compared to D-glucose, which results in 
D-glucose being the preferred substrate for uptake in mixed sugar 
fermentations. Consequently, D-xylose fermenting yeast strains first 
utilize D-glucose until depletion, before D-xylose is metabolized (36, 70). 

Here, we have used a specific screening and in vivo engineering 
method of endogenous and expressed Hxt transporters in a xylose- 
fermenting S. cerevisiae strain in order to solve the sequential sugar 
uptake predicament. Using a quadruple hexokinase mutant unable 
to grow on glucose, an evolved strain was obtained that can grow on 
D-xylose in the presence of very high concentrations of D-glucose. 
Growth could be attributed to a mutated endogenous Hxt36 transporter, 
which has lost the ability to transport D-glucose, while gaining a higher 
affinity for D-xylose. Further investigation of the sequence space of the 
mutated amino acid position in Hxt36 allowed us to re-engineer the 
D-glucose transporter into a specific D-xylose transporter with good 
transport kinetics. This mutant transporter enables the co-consumption 
of D-glucose and D-xylose in mixed sugar fermentation. 

RESULTS

EVOLUTIONARY ENGINEERING OF A XYLOSE-METABOLIZING 
S. CEREVISIAE STRAIN IN THE PRESENCE OF GLUCOSE

To select for an improved D-xylose transport in S. cerevisiae, evolution-
ary engineering was performed with the quadruple hexokinase (GLK1, 
HXK1, HXK2 and GAL1) deletion strain S. cerevisiae DS71054 which is 
described in detail elsewhere (71). The DS71054 strain is derived from 
DS71055 which contains an engineered D-xylose metabolic pathway 
(Figure 1), and thus is capable of growing on D-xylose (9–11) (Fig-
ure 2A and Supplemental Figure 1) but does not grow on D- glucose 
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(Supplemental Figure 1). The strain was used in an evolutionary design 
experiment to isolate higher affinity D-xylose transporters that are 
insensitive to D-glucose inhibition. Herein, cells were grown in batch 
culture on D-xylose (1 to 0.57 %), in the presence of increasing concen-
trations of D-glucose (3 to 10 %). Because of the experimental setup, 
the strain consumes D-xylose but not D-glucose and this leads to higher 
D-glucose to D-xylose ratios in time and consequently in a reduction 
of the growth rate, measured as a decrease in CO2 production during 
the fermentation. However, the specific growth rate on D-xylose in 
the presence of D-glucose increased during the experiment because 
of adaptation eventually allowing cells (DS71054 EvoB) to grow on 
D-xylose (0.57 %) in the presence of a 17.5-fold excess of D-glucose 
(10 %). The DS71054 EvoB strain was analyzed for growth in shake 
flasks on 1 % D-xylose in the presence of various concentrations of 
D-glucose and compared to the progenitor DS71054. Growth of the 
DS71054 strain was already inhibited at 3 % D-glucose and absent at 
a D-glucose concentration of 6 % or higher (Figure 2A). In contrast, 
growth of the DS71054 EvoB strain on D-xylose was insensitive to 
high concentrations of D-glucose (Figure 2B). Control experiments 
demonstrated that the strain is unable to consume D-glucose, nor does 
it grow on D-glucose (Supplemental Figure 1).

To examine the molecular basis that allows the D-glucose insensi-
tive growth of the DS71054 EvoB strain on D-xylose, D-xylose and 
D-glucose transport experiments were carried out. In the absence 
of D-glucose, the DS71054 progenitor and the DS71054 EvoB strain 
showed similar rates of D-xylose transport (Figure 2C). In the presence 
of a tenfold excess of D-glucose, D-xylose transport by the DS71054 
strain was completely abolished, while for the DS71054 EvoB strain 
most of the D-xylose uptake was inhibited except for a significant 
residual rate of D-xylose transport that remained even at very high 
D-glucose concentrations (Figure 2C). This suggests that the evolution 
experiment resulted in an evolved strain that shows D-xylose transport 
with a decreased D-glucose sensitivity.

Figure 2. D-glucose insensitive uptake of D-xylose by engineered S. cerevisiae 
strains. Growth of strain DS71054 (A) and DS71054 EvoB (B) on 1 % D-xylose 
and varying D-glucose concentration: 0 % (), 3 % (), 6 % () and 10 % (). 
(C) Uptake of 50 mM [14C-] D-xylose by the DS71054 () and DS71054 EvoB 
() strain in the presence of competing concentrations of D-glucose. Growth 
of the DS68625 strain expressing HXT36 () or HXT36-N367I () on 2 % D- 
glucose (D) or 2 % D-xylose/0.05 % maltose (E). Growth on xylose was cor-
rected for the slight background growth on 0.05 % maltose using the DS68625 
strain transformed with an empty plasmid. (F) Uptake of 50 mM [14C-] D-xylose 
by the DS68625 strain expressing HXT36 () or HXT36-N367I () in the pres-
ence of various glucose concentrations. Strain DS71054 contains a xylose- 
fermenting pathway and lacks the hexose kinases necessary for growth on 
glucose, but contains a full complement of hexose transporters. This strain 
grows on xylose but can no longer grow on glucose. Strain DS68625 contains a 
xylose-fermenting pathway but lacks the HXT1–7 and GAL2 genes and there-
fore cannot grow on xylose, while it grows poorly on glucose.
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91RESULTS RESULTS

A MUTATED CHIMERIC HXT36 TRANSPORTER IS RESPONSIBLE 
FOR D-GLUCOSE-INSENSITIVE D-XYLOSE TRANSPORT IN THE 
DS71054 EVOB STRAIN 

The DS71054 strain contains the full complement of Hxt transporters 
and thus the glucose insensitive residual xylose uptake by the DS71054 
EvoB strain must result from one or more endogenous Hxt transport-
ers. To identify the transporter(s) with altered glucose sensitivity, the 
expression levels of HXT1–17 and GAL2 in the evolved DS71054 EvoB 
were compared with the original DS71054 strain (Supplemental Fig-
ure 2). Cells were grown in shake flasks in minimal medium containing 
1 % xylose and 3 % or 10 % glucose. The HXT gene expression in the 
evolved DS71054 EvoB strain was similar to that of the progenitor strain 
(Supplemental Figure 2), suggesting that the evolved phenotype is not 
due to an altered expression of one or more of the Hxt transporters. 
The altered HXT gene expression in the DS71054 EvoB grown with 1 % 
xylose and 10 % glucose is due to the high glucose concentration that 
causes the overexpression of HXT1 and the down-regulation of HXT2 
and HXT7 (94). Based on the absolute C(t) values, only the HXT1–7 genes 
are expressed at intermediate or high levels, while HXT36 showed the 
highest expression level (data not shown). In the DS71054 strain HXT3 
and HXT6 are fused, in a similar way as described for HXT6 and HXT7 
(140). Because of the high homology between these genes, a chimeric 
HXT36 gene was obtained, of which the first 438 amino acids are of 
HXT3 and the last 130 of HXT6 (140). The Hxt36 chimera is a functional 
D-glucose transporter (Figure 2E). In the original CEN.PK progenitor 
strain, these two genes are tandemly arranged in the genome. 

Since the expression levels did not identify clear candidates, the genes 
of the Hxt1–7 and Gal2 transporters were amplified from cDNA isolated 
from the DS71054 EvoB and progenitor strain and sequenced. This re-
vealed no mutations in HXT1, HXT2 and HXT4, one silent mutation in 
HXT5 (T924C) and HXT7 (T83 4A), and an A1100T mutation causing a 
N367I amino acid substitution in the chimeric HXT36 gene. The N367I 
point mutation is located in transmembrane domain (TMD) 8 of Hxt36, 
which is a region in the Hxt family of transporters known to contain resi-
dues involved in D-glucose binding (111). N367 in Hxt36 corresponds to 
the same residue in Gal2 (N376) and Hxt7 (N370) that recently have been 
shown to be involved in determining the D-glucose transport affinity (65).

The genes encoding HXT36 and HXT36-N367I were amplified from 
cDNA isolated from DS71054 and DS71054 EvoB cells, respectively, 
and cloned into the expression plasmid pRS313P7T7 under control 
of the Hxt7 promoter. The respective plasmids were transformed to 
S. cerevisiae strain DS68625, in which the HXT1–7 and GAL2 genes are 
deleted. Because of this transporter deficiency, this strain is unable to 
grow on D-xylose and is severely defective in its growth on D-glucose. 
The respective DS68625 strains were pre-grown on 2 % maltose and 
transferred to minimal medium containing 2 % D-glucose or D-xylose. 
The DS68625-Hxt36 strain shows efficient growth on D-glucose. In con-
trast, growth of the DS68625-Hxt36-N367I mutant strain on D-glucose 
was almost completely abolished (Figure 2D), whereas both strains still 
grow on D-xylose (Figure 2E) albeit inefficiently, likely because growth 
on xylose now solely depends on the Hxt36 transporter. These data 
suggest that the Hxt36-N367I mutant has lost the ability to transport 
D-glucose. To examine the suspected specificity change by the N367I 
mutation, the ability of D-glucose to compete for [14C-] D-xylose uptake 
was examined. At 50 mM, D-xylose uptake by the Hxt36 transporter 
was strongly inhibited by an equimolar concentration of D-glucose and 
completely abolished by a tenfold excess of D-glucose. Remarkably, 
with the Hxt36-N367I transporter, D-xylose transport was essentially 
unaffected by a tenfold excess of D-glucose (Figure 2F). These data 
demonstrate that the N367I mutation in Hxt36 is responsible for the 
D-glucose resistant growth of the DS71054 EvoB strain on D-xylose.

N367 IN HXT36 IS A CRITICAL DETERMINANT IN SUGAR 
SPECIFICITY

The above data show that N367 of Hxt36 is a critical residue that in-
fluences the specificity of this hexose transporter. To understand the 
molecular mechanism of the observed loss of affinity for D-glucose by 
the N367I mutation, a homology model for Hxt36 was constructed, us-
ing the crystal structure of XylE from Escherichia coli with xylose bound 
(PDB ID: 4GBY) (83) as a modeling template. Notably, the region in 
TMD 8 is conserved between Hxt36 and XylE as residues 364-GVVN-
367 of Hxt36 are replaced by 322-GVIN-325 in XylE, where the con-
served asparagine residue is marked in boldface (Figure 3). Therefore, as 
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previously observed for N325 in the crystal structure of XylE, our model 
indicates that N367 in Hxt36 is in similar close proximity to the 5-CH2 
of the ring form of D-xylose. In the case of a bound D-glucose in Hxt36 
(Figure 3), the 6-CH2 and 6-OH would point towards N367, which upon 
mutation to a hydrophobic isoleucine apparently prevents the D-glucose 
from binding, while allowing D-xylose to still bind unobstructed. 

To explore the sequence space of position N367, all amino acid 
substitutions were introduced individually into the HXT36 gene. The 
Hxt36-N367X mutants were transformed to the DS71054 hexokinase 
deletion strain and tested for growth on minimal medium containing 
1 % D-xylose and 10 % D-glucose. The Hxt36-N367I mutant showed an 
OD600 of 0.56 after 24 hrs of growth whereas the wild-type Hxt36 was 
unable to grow under these conditions (Figure 4). The fastest growing 
mutant was Hxt36-N367A, which reached an OD600 of almost 2 after 
24 hrs. Fast growth was also observed with other nonpolar aliphatic 

Figure 3. Detailed view of the sugar-binding pocket of the Hxt36 homology 
model, showing the first shell amino acid side chains that interact with bound 
glucose (cyan) and xylose (yellow). N367 is located to the left, pointing the side 
chain towards the 6-OH and 6-CH2 of glucose. Most residues in this pocket 
are strictly conserved between Hxt36 and XylE, apart from D337 (I in XylE), 
A442 (G in XylE), Y446 (W in XylE) and N469 (Q in XylE). The figure was con-
structed using Maestro (Schrodinger LLC, NY, USA).

amino acid substitutions (glycine, valine, leucine and methionine). On 
the other hand, the phenylalanine and histidine mutants showed a re-
duced growth rate whereas amino acid substitutions with strong polar or 
charged properties did not support growth (Figure 4). The latter could be 
caused by a catalytic effect or be due to decreased expression, but they 
were not further examined in order to focus on the improved mutants. 
These data show that the N367 is a critical residue in determining the 
specificity of Hxt36 for D-glucose versus D-xylose.

The Hxt36 N367A and N367I mutants were further analyzed to 
determine their transporter kinetics. Herein, the transporters were 
expressed in the hexose transport-negative strain DS68625. The Km 
and Vmax values for D-glucose uptake by Hxt36 were about 6 mM and 
61 nmol/mgDW.min, respectively (see Table 1 and Supplemental Fig-
ure 3). The Hxt36 N367I mutant was completely defective in D-glucose 
uptake, while its affinity for D-xylose uptake was improved 2.7-fold (that 
is, from 108 to 40 mM) as compared to Hxt36 (Table 1). However, the 
N367I mutation also caused an almost threefold decrease in the Vmax 

Figure 4. Growth of the DS71054 strain containing vectors expressing Hxt36 
transporters with all possible amino acid substitutions at position 367. Cells 
were grown on 1 % D-xylose and 10 % D-glucose, and DS71054 transformed 
with the empty vector pRS313-P7T7 was used as a control.
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for D-xylose uptake which explains the poorer growth on xylose alone 
(Figure 2E) compared to Hxt36. Moreover, this Vmax value for xylose 
is about twofold lower compared to other Hxt transporters such as 
Hxt7, that however lack this observed specificity towards D-xylose 
(65). To examine if the lower Vmax is due to a decreased expression, 
chimers were constructed harboring green fluorescent protein (GFP) 
fused to the C-terminus of the Hxt36 and the Hxt36-N367I mutant 
and expressed in the DS68625 strain. Fluorescence imaging revealed 
that the proteins are uniformly distributed over the plasma membrane 
(Supplemental Figure 4), with nearly identical GFP fluorescence levels 
indicating that Hxt36 and Hxt36-N367I are expressed to similar extents. 
The Hxt36-N367A mutant that showed the fastest growth on D-xylose, 
still mediated some D-glucose uptake although with a very poor Km 
(171 mM instead of 6 mM). Compared to the N367I mutant, the N367A 
mutation caused an improvement to both the Km and Vmax values for 
D-xylose uptake to 25 mM and 29 nmol/mg DW.min, respectively. This 
improvement results in better growth of the DS71054 strain harboring 
Hxt36 N367A compared to the Hxt36 N367I or the Hxt36 wild type 
when grown on xylose in the presence of excess glucose (Figure 4).

CO-CONSUMPTION OF D-GLUCOSE AND D-XYLOSE BY 
AN ENGINEERED S. CEREVISIAE STRAIN WITH ALTERED 
TRANSPORT CHARACTERISTICS

To investigate the co-consumption of D-glucose and D-xylose, DS68625 
strains harboring wild-type Hxt36, Hxt36-N367I and Hxt36-N367A, were 

Table 1. Km and Vmax values for D-glucose and D-xylose uptake by Hxt36 
transporters expressed in strain DS68625.

Km
(mM)

Km ratio Vmax
(nmol/mg DW.min)

Glucose Xylose Glc/Xyl Glucose Xylose

Hxt36 6.1 ± 0.1 107.9 ± 12.1 0.057 60.2 ± 2.0 62.5 ± 5.9

Hxt36-N367I - a 39.8 ± 5.6 - - a 23.0 ± 3.0

Hxt36-N367A 170.7 ± 37.8 24.9 ± 3.4 6.855 70.7 ± 8.4 29.1 ± 0.4

a No uptake. Errors are the standard of the mean of 3 independent experiments. 

grown on 0.5 g/l D-glucose and 0.5 g/l D-xylose at a higher industrial 
starting OD600 of 8.0 under anaerobic conditions (Figure 5). The strain 
containing the wild-type Hxt36 transporter showed a rapid consumption 
of the D-glucose, while D-xylose consumption was delayed ensuing only 
once the D-glucose was completely exhausted (Figure 5A). The strain 
with the Hxt36-N367I transporter grows on D-xylose but because of the 
severe D-glucose uptake defect, only background levels of D-glucose con-
sumption occur (Figure 5B) to the level observed for the original DS68625 
strain without any re-introduced transporter (data not shown). The strain 
harboring the Hxt36-N367A mutant showed a marked improved D- 
glucose and D-xylose co-consumption (Figure 5C) as compared to the 
strain containing the Hxt36 wild-type transporter (Figure 5A) with the con-
comitant production of ethanol. Furthermore equal amounts of glycerol 
were produced in the Hxt36 wild-type transporter and the N367A mutant 
(data not shown), while no significant amounts of xylitol and acetic acid 
could be detected. Although the D-glucose consumption is slower than 

Figure 5. Growth of the DS68625 
strain expressing (A) HXT36, (B) 
HXT36-N367I and (C) HXT36-
N367A on 0.5 % D-glucose and 
0.5 % D-xylose. The residual D- 
glucose (), residual D-xylose (), 
ethanol () were measured in g/l. 
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97DISCUSSION DISCUSSION

that of the wild-type, co-consumption of D-glucose and D-xylose results 
in a more rapid exhaustion of the sugars with enhanced levels of ethanol 
production. With the Hxt36-N367A strain the D-glucose consumption 
rate (Qglc) is decreased to 0.93 ± 0.01 g G-glc/gDW.h compared to that of 
the Hxt36 wild type (1.82 ± 0.05 g G-glc/gDW.h). However, the D- xylose 
consumption rate (Qxyl) was increased to 0.27 ± 0.01 g G-xyl/gDW.h in the 
N367A mutant compared to the low Qxyl of 0.15 ± 0.01 g G-xyl/gDW.h in 
the wild type (Supplemental Figure 5, Supplemental Table 6). Both mu-
tants (N367I and N367A) show increased conversion rates (0.42 ± 0.02 
and 0.40 ± 0.01  gEtOH/g sugar, respectively) compared with that of the 
Hxt36 wild-type (0.37 ± 0.02 g EtOH/g sugar). Furthermore, the ethanol 
production rate of the Hxt36-N367A mutant strain was improved almost 
throughout the whole fermentation with the exception of the early growth 
phase where the wild-type Hxt36 consumes D-glucose more rapidly (Sup-
plemental Figure 5) These data demonstrate the effective co-consumption 
of D-xylose and D- glucose in a transporter engineered S. cerevisiae strain.

DISCUSSION

Hxt transporters (HXT1–7) of the yeast Saccharomyces cerevisiae function 
as facilitators for D-glucose uptake allowing the cells to grow efficiently 
on media containing high concentrations of this sugar. The introduction 
of a D-xylose metabolic pathway in industrial S. cerevisiae strains for 
applications in lignocellulose conversion into bioethanol also necessi-
tates a solution for efficient D-xylose uptake. In an economically viable 
process, D-glucose and D-xylose need to be co-consumed to reduce the 
fermentation time, to increase the bioethanol production rate, and to add 
to the robustness of the fermentation process. Although the S. cerevisiae 
strain DS68625 used in this study metabolizes D-xylose efficiently, the 
process is strongly inhibited by D-glucose because the uptake of D-xylose 
occurs via the endogenous hexose transporters which prefer D-glucose 
instead of D-xylose. To overcome glucose inhibition and to select for 
variants with a more specific D-xylose uptake, a screening method was 
devised based on a strain constructed from the D-xylose-metabolizing 
progenitor DS71055 but lacking the four hexokinase genes. The resultant 
DS71054 strain cannot grow on D-glucose, but still grows on D-xylose 
using the endogenous Hxt transporters for uptake. The in vivo evolution 

experiment that selected for improved D-xylose growth in the presence 
of increasing amounts of glucose yielded the DS71054 EvoB strain that fi-
nally grew on D-xylose in the presence of a 17.5-fold excess of D- glucose. 
Expression, sequencing and functional analyses demonstrated that a 
single N367I mutation in the chimeric Hxt36 transporter is responsible 
for this glucose insensitivity. Remarkably, the N367I mutation completely 
abolishes D-glucose uptake and allows D-xylose uptake with an improved 
affinity. However, we also observed a reduction in the Vmax for D-xylose 
transport, and consequently the strain carrying the HXT36 N367I mutant 
gene shows a reduced growth on D-xylose as compared to the strain 
harboring the wild-type HXT36 gene. Saturation mutagenesis of N367 
yielded the Hxt36 N367A mutant that showed a higher Vmax and a fur-
ther improved Km for D-xylose as compared to the initial N367I mutant. 
This mutation does not abolish D-glucose uptake, but causes a dramatic 
reduction in the D-glucose affinity and thus also a reduced inhibition 
of D-xylose transporter by D-glucose. The evolutionary engineering of 
the DS71054 strain did not yield an alanine at position 367, presumably 
as this required multiple point mutations to change the codon whereas 
only a single point mutation is needed to convert asparagine into the 
nonpolar isoleucine. Recently, both heterologous and endogenous glu-
cose transporters were rewired for D-xylose transport in S. cerevisiae by 
saturation and rational mutagenesis of a conserved sequence motif in 
the first TM domain (33). Although mutants were obtained that showed 
selective uptake of D-xylose, none of these mutants was resistant to 
D-glucose inhibition. In another study Farwick et al. (65) expressed mu-
tants of the HXT7 and GAL2 genes in a hxt0 background to select for D- 
glucose-insensitive growth on D-xylose. Thus, that study was restricted 
to a selected number of hexose transporters, whereas our evolutionary 
engineering of a quadruple hexokinase mutant selects from the full arse-
nal of relevant hexose transporters. This yielded the Hxt36-variant as a 
spontaneous high profile candidate for D-xylose transporter under high 
glucose concentrations, conditions that are relevant for industrial batch 
fermentations. Since less stringent conditions were used for selection by 
Farwick et al. (2014) (65) that is, growth on D-xylose in the presence of 
a 5-fold instead of a 17.5-fold excess of D-glucose, the resulting speci-
ficity mutants exhibit weaker characteristics. The mutations in N376 
and N370 for Gal2 and Hxt7, respectively, correspond to the same hot 
spot N367 in Hxt36. Although the Gal2 N376F mutant was found to be 
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99DISCUSSION CONCLUSIONS

completely defective in D- glucose uptake it retained only about one third 
of the D-xylose uptake activity with a twofold improved Km for D-xylose. 
This mutant showed properties somewhat similar to those of the Hxt36 
N367I mutant presented in this study. However, the phenotype of the 
Gal2 N376V and the Hxt7 mutants was less distinct. Although a reduc-
tion in the Km for D-glucose was achieved, the Km was still an order of 
magnitude better than for D-xylose, while the Vmax for D-glucose uptake 
even increased up to twofold. In these mutants, hardly an improvement in 
the Km for D-xylose uptake was obtained whereas a severe loss in activity 
(more than threefold) was noted. This contrasts the N367A mutation in 
Hxt36, which causes a more than 2 orders of magnitude improvement 
in the affinity of Hxt36 for D-xylose compared to D-glucose, rendering 
the Hxt36 N367A transporter specific for D-xylose, while the loss in Vmax 
was less than twofold. 

The asparagine at position 367 is conserved in all Hxt transporters in 
S. cerevisiae but also in functional homologues like the mammalian Glut1 
and E. coli XylE (homology of 23 and 26 %, respectively). This residue is 
located in TMD 8, which is considered to be important for the D-glucose 
affinity (111). In XylE, the asparagine is located at position 325 in the 
xylose binding site. Although we cannot be certain about the mechanism 
for the largely reduced affinity of the N367I mutant for D-glucose based 
only on a model of the occluded substrate bound state of Hxt36, we 
hypothesize that the hydrophobic isoleucine side chain may prevent the 
D-glucose binding in the outward-open state of the transporter because 
of the lack of proper hydrogen-bonding involving the D-glucose 6-OH. 
On the other hand, D-xylose still binds and the mutation even caused 
an increase in the binding affinity. In this respect, the 6-OH and 6-CH2 
atoms are missing in D-xylose. In general, it appears that the polarity 
and size of the amino acid side chain at position 367 are important de-
terminants in the sugar specificity. With almost all nonpolar amino acids, 
except for tryptophan and proline, excellent selectivity for D-xylose 
over D-glucose has been obtained. The best selectivity appears to be 
with the small and nonpolar amino acids alanine and glycine. A polar or 
charged bulky amino acid side chain does not seem to cause selectivity. 
Interestingly, the N325A mutant of XylE is also still able to transport 
xylose (83) consistent with our observations. 

Although improved selectivity for D-xylose is readily obtained by sin-
gle mutations, substitutions at position 367 are accompanied with a more 

or less severe loss in activity. Likely, substitutions at N367 also cause 
conformational defects in the transporter. Loss of activity is undesirable 
for the development of an efficient lignocellulose conversion process, but 
the Hxt36 N367A mutant is still sufficiently active to exhibit co-consump-
tion of D-glucose and D-xylose in mixed sugar fermentations, leading 
to an overall higher bioethanol production rate. Importantly, the N367A 
mutation in Hxt36 enables the cells to co-consume D-glucose and D- 
xylose likely because it improved the Km ratio for xylose over glucose 
(Table 1) while still maintaining a good Vmax. This could not be achieved 
with the Gal2 N367V and Hxt7 N370S mutants and this may explain 
why these mutants were not further tested for the co-consumption of 
D- xylose and D-glucose (65). Our data demonstrate that for co-consump-
tion, the rates of D-glucose and D-xylose uptake should be balanced. In 
the present case, this was realized with only one engineered transporter 
but for a more robust fermentation, this balance should be maintained 
throughout the entire fermentation process with high uptake velocity. 

CONCLUSIONS

We have demonstrated the successful conversion of a yeast hexose 
transporter into a specific pentose transporter or transporters with a 
tunable specificity for D-xylose and D-glucose. The latter engineered 
transporter allows for the co-consumption of pentose and hexose sugars 
by a xylose-fermenting strain. This novel approach of endogenous trans-
porter engineering also has the added benefit that it does not interfere 
with the post-translational regulatory phenomena in the cell that induce 
the D-glucose concentration dependent turnover of transporters, thus 
providing a sustainable solution for bioethanol production.

METHODS

MOLECULAR BIOLOGY TECHNIQUES AND CHEMICALS

Restriction enzymes and T4 DNA ligase were acquired from Thermo 
Fisher Scientific, Pittsburg, PA, USA. Antibiotics hygromycin (HG), phleo-
mycin (Phleo) and geneticin (G418) were acquired from Invitrogen. pYL16 
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101METHODS METHODS

(San Diego, CA, USA) and nourseothricin (nour) were acquired from Wer-
ner BioAgents (Jena, Germany) using concentrations recommended by 
the supplier for selection of the respective antibiotic resistance marker- 
bearing S. cerevisiae transformants. Ampicillin and kanamycin were ac-
quired from Sigma-Aldrich (Zwijndrecht, The Netherlands). Oligonucle-
otides used for strain constructions were purchased from Sigma-Aldrich. 
Yeast genomic DNA was isolated from yeast using the YeaStar™ Genomic 
DNA Kit (ZymoResearch, Irvine, CA, USA) following the manufacturer’s 
instructions.

STRAINS AND GROWTH CONDITIONS 

The S. cerevisiae strains used in this study (Table 1) were provided by 
DSM Bio-based Products & Services and are described elsewhere (71). 
Pentose-fermenting S. cerevisiae strains were provided by DSM and may 
be made available for academic research under a strict Material Transfer 
Agreement with DSM (contact: paul.waal-de@dsm.com). Fed-batch and 
chemostat cultures (Applikon, Schiedam, The Netherlands) were grown in 
minimal medium supplemented with vitamin solution and trace elements 
(136) in a 500 ml working-volume laboratory fermentor at a temperature 
of 30 °C and pH 4.5. The starting dissolved oxygen (DO) set point was 
5 %, stirring was performed at 400 rpm and the starting OD600 was 0.2. 
Shake flask experiments at 200 rpm were also done in minimal medium 
supplemented with 2 % D-maltose, 2 % D-xylose/0.05 % D-maltose or 
0.5 % D-xylose/0.5 % D-glucose. The 0.05 % D-maltose was added in 
order to circumvent an elongated lag-phase in minimal medium with 
only 2 % D-xylose. A starting OD600 of 0.1 was used in all experiments 
except for the anaerobic co-consumption experiment, in which an OD600 
of 8.0 was used. Cell growth was monitored by optical density (OD) at 
600 nm using a UV-visible spectrophotometer (Novaspec Plus).

RNA EXTRACTION AND CDNA SYNTHESIS

Total RNA was isolated from S. cerevisiae cells by a glass-bead disruption 
Trizol extraction procedure and performed as described by the manu-
facturer (Life Technologies, Bleiswijk, The Netherlands). Yeast pellets 

from 2 ml of exponential phase cell culture (OD600 of approximately 10) 
were mixed with 0.2 ml of glass beads (diameter, 0.45 mm) and 900 μl of 
Trizol with 125 μl chloroform, and disrupted in a Fastprep FP120 (Thermo 
Savant) for 45 seconds at speed 6. The extracted total RNA (1 μg) was 
used to synthesize cDNA using the iScript cDNA synthesis Kit (BioRad, 
Hercules, CA, USA). 

PRIMERS AND REAL-TIME PCR

Real-time PCR on the expression of HXT1–17 and GAL2 was performed 
with the primers indicated in Supplemental Table 4, using the SensiMix 
SYBR & Fluorescein Kit (Quantace Ltd) and the iCycler iQ Real Time 
PCR instrument (BioRad). Actin was used as reference gene to normalize 
fold changes. The SYBR Green Master Mix (12.5 μl) was used for 25 μl 
reactions containing 4 μl of the extracted total RNA (10 ng/µl), 1 μl of 
the indicated primers (10 nM) and 6.5 μl of sterile water. PCR conditions 
for HXT1–17 and GAL2 were 10 min at 95 °C followed by 40 cycles of 
amplification (15 s at 95 °C, 30 s at 58 °C, 30 s at 72 °C).

SEQUENCING AND GENERAL CLONING 

High/intermediate expressed genes were amplified using the primers 
listed in Supplemental Table 2 using the Phusion® High-Fidelity PCR 
Master Mix with HF buffer. The full-length cDNA of HXT36 and HXT36 
N367I was amplified using primers F HXT36 BcuI and R HXT36 BamHI 
(Supplemental Table 2) employing cDNA isolated from a batch culture of 
the cells grown on mineral medium containing 1 % xylose and 3 % glucose. 
The vector pRS313-P7T7 was used for the expression of HXT transport-
ers under control of the HXT7 promoter and was derived from pRS313 
(kindly supplies by DSM Biotechnology Center, The Netherlands) as 
backbone containing the histidine selection marker and the Cen/ARS low 
copy origin for cloning in yeast. pRS313 was digested with the restric-
tion enzymes SacI and XbaI and Bsu15I and SalI, respectively, and the 
promoter of HXT7 (391 bp) and the terminator of HXT7 (1000 bp) were 
cloned into the multiple cloning site yielding pRS313-P7T7. The pro-
motor and terminator were amplified with Phusion® High-Fidelity PCR 
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103METHODS METHODS

Master Mix with HF Buffer using the primer pairs F SacI s  promHXT7/R 
promHXT7 XbaI and F terHXT7 Bsu15I/R terHXT7 SalI, respectively 
(Supplemental Table 5). 

The saturated mutagenesis of position N367 in HXT36 was done using 
PCR with Phusion® High-Fidelity PCR Master Mix with HF Buffer using 
primer pairs F HXT36 BcuI/R HXT36 367NNN and F HXT36 367NNN/R 
HXT36 BamHI (Supplemental Table 5). The fragments of 1119 and 623 
base pairs were subsequently used in an overlap PCR using the outside 
primers F HXT36 BcuI and R HXT36 BamHI and cloned into pRS313P7T7 
using BcuI and BamHI. Sequencing of 48 E. coli clones yielded N367S 
(tcc), N367P (ccc), N367G (ggg), N367Y (tac), N367A (gcc), N367H (cac), 
N367R (agg), N367F (ttt), N367E (gag), and N367V (gtg). The remaining 
eight amino acids at position 367 were amplified and cloned as mentioned 
above with overlap PCR using specific primers in which the NNN was re-
placed by tta (L), tgt (C), tgg (W), atg (M), act (T), aag (K), gat (D) and cag (Q). 

The C-terminal GFP fusions with HXT36 and HXT36-N367I mutant 
were made by amplification of the corresponding genes with the Phu-
sion® High-Fidelity PCR Master Mix (HF buffer) using primers F HXT36 
BcuI and R HXT36 BamHI-stop (Supplemental Table 5). The GFP gene 
itself was amplified with F GFP BamHI and R GFP ClaI. HXT36 and HXT36-
N367I were digested with the restriction enzymes BcuI and BamHI and 
GFP was digested with BamHI and ClaI. The HXT36 genes were sepa-
rately ligated in a two-fragment ligation together with GFP into pRS313-
P7T7 which was cut with BcuI and ClaI. 

IN VIVO EVOLUTION

The quadruple hexokinase deletion mutant DS71054 was evolved in batch 
cultivation to grow on a relatively low D-xylose concentration (1–0.57 %) in 
the presence of increasing concentrations of D-glucose (3–10 %). Growth 
was followed in time by CO2 measurements, while the levels of D-xylose 
and D-glucose were monitored to ensure that the cells were growing solely 
on D-xylose. The glucose to xylose ratio at the start of the evolutionary 
engineering was kept low but increased during the experiment, eventually 
reaching 0.57 % D-xylose and 10 % D-glucose. In the setup, the strain 
consumes the D-xylose, which leads to higher glucose to xylose ratios 
and consequently a drop in growth rate. Once the CO2 production was 

reduced, additional xylose (5 ml of 50 % xylose added to 500 ml fermenter 
volume) was added to maintain growth and at regular time intervals (on 
average after 5–6 days), the culture was diluted into fresh medium with a 
higher glucose to xylose ratio. After 27 days, the evolved DS71054 strain 
was obtained and plated on 1 % xylose and 10 % glucose.

ANALYTICAL METHODS

High performance liquid chromatography (Shimadzu, Kyoto, Japan) 
was performed using an Aminex HPX-87H column at 65 °C (BioRad) 
and a refractive index detector (Shimadzu, Kyoto, Japan) was used to 
measure the concentrations of D-glucose, D-xylose and ethanol. The 
mobile phase was 0.005 N H2SO4 at a flow rate of 0.55 ml/min.

UPTAKE MEASUREMENT

The sugar uptake was measured as follows: cells were grown for 24 hrs 
in shake flasks in minimal medium containing 2 % maltose and were 
collected by centrifugation (3,000 rpm, 3 min, 20 °C), washed and re- 
suspended in minimal medium without carbon source. [14C] Xylose or 
[14C] glucose stocks were added to the cell suspension, and the reaction 
was stopped at various time intervals by addition of 5 ml of ice cold 
0.1 M lithium chloride. Samples were filtered over 0.45 μm HV mem-
brane filters (Milipore, France), washed once with an ice cold solution 
of 5 ml of lithium chloride and counted by Liquid Scintillation Counter 
(Perkin-Elmer, Waltham, MA, USA). D-xylose and D-glucose concen-
trations were varied from 0.5–500 mM and 0.1–500 mM, respectively. 
For competition experiments, uptake of 50 mM [14C-] D-xylose was 
analyzed in the presence of 50–500 mM unlabeled D-glucose. 

MOLECULAR MODELING

The molecular modeling software package, including Prime 3.1 and 
Maestro 9.3, from Schrodinger LLC (New York, NY, USA) was used to 
build a homology model for Hxt36. The crystal structure of XylE from 
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105METHODS SUPPLEMENTAL DATA

E. coli with xylose bound (PDB ID: 4GBY, (83)), which is 26 % identical 
to Hxt36p, was used as a template for the model building. Because of 
the lower identity, the sequence alignment between Hxt36p and XylE 
was manually corrected using information from family sequence align-
ments in the program Prime to accurately reflect the correct location 
of amino acid insertions and deletions. 

FLUORESCENCE MICROSCOPY

Fresh colonies of transformants expressing the HXT36 and HXT36-
N367I mutant in DS68625 were inoculated in triplicates in minimal 
medium with 2 % D-maltose and grown to exponential growth phase 
(at an OD600 of approximately 5). To determine the cellular localization, 
the fluorescence was analyzed using a Nikon Eclipse-Ti microscope 
equipped with a 100× oil immersion objective, a filter set for GFP, and 
a Nikon DS-5Mc cooled camera. The total amount of GFP fluorescence 
was analyzed (at emission of 507 nm) on a BioTek SynergyMX 96 wells 
plate reader. The total amount of GFP fluorescence was corrected for 
the optical density (OD600) of the cultures.

List of abbreviations: HK: hexokinase; HXT: hexose transporter; OD: 
optical density; PCR: polymerase chain reaction; XKS: xylulose kinase; 
XI: xylose isomerase 
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SUPPLEMENTAL DATA

Supplemental Figure 1. Growth (OD600) of the DS71054 strain on 2 % D- xylose 
(solid circles) and 2 % D-glucose (open circles). 

Supplemental Figure 2. Normalized fold expression of HXT1–17 and GAL2. 
Gene expression was analyzed on minimal medium with 1 % xylose and 3 % 
glucose for the DS71054 (white bars) and DS71054 EvoB (grey bars) strains. 
The gene expression in the DS71054 EvoB strain was also analyzed on 1 % 
D-xylose and 10 % D-glucose (black bars). Fold expression was normalized rel-
ative to the expression in the DS71054 that was set to 1.
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107SUPPLEMENTAL DATA SUPPLEMENTAL DATA

Supplemental Figure 3. Kinetic analysis of D-glucose (A) and D-xylose (B) up-
take by the DS68625 strain expressing HXT36 (open circles), HXT36-N367I 
(open squares) and HXT36-N367A (solid squares). Uptake was corrected for 
the background observed with the DS68625 strain transformed with the 
empty expression vector and expressed in nmol/mgDW.min.

Supplemental Figure 4. Fluorescence images of strain DS68625 expressing 
GFP fusion proteins of Hxt36 (A) and Hxt36-N367I (B). Images were analyzed 
on a Nikon Eclipse-Ti microscope. (C) Total amount of GFP fluorescence (in AU/
OD600) in both strains as measured in a spectrofluorimeter. 

Supplemental Figure 5. Ethanol production rates of the DS68625 strain ex-
pressing HXT36 (open circles), HXT36-N367I (open squares) and HXT36-
N367A (open triangles) were measured in gEtOH/gDW.h). The indicated stan-
dard error represents the mean of two independent experiments.
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Supplemental Table 1. Strains and plasmids used in this study

Strain/ plasmid Relevant genotype and/or characteristics Source or reference

Strains

S. cerevisiae

DS68616 Mat a, ura3–52, leu2–112, gre3::loxP, loxP-Ptpi:TAL1, loxP-Ptpi::RKI1, 
loxP-Ptpi-TKL1, loxP-Ptpi-RPE1, delta::Padh1XKS1Tcyc1-LEU2, 
 delta::URA3-Ptpi-xylA-Tcyc1

DSM, 
The  Netherlands

DS68625 DS68616, his3::loxP, hxt2::loxP-kanMX-loxP,  hxt367::loxP-hphMX-loxP, 
hxt145::loxP-natMX-loxP,  gal2::loxP-zeoMX-loxP

This paper

DS71055 DS68616-derivative after evolutionary engineering This paper

DS71054 DS71055, glk1::lox72; hxk1::loxP; hxk2::lox72; gal1::loxP; 
 his3::loxPnatMXloxP

Shin et al., unpub-
lished. This paper

DS71054-evoB DS71054-derivative after evolutionary engineering by chemostat 
cultivation on xylose in presence of glucose

This paper

Plasmids

pRS313 E. coli/yeast shuttle vector; CEN6, ARSH4, HIS3, Ampr Sikorski & Hieter, 
1989

Supplemental Table 2: oligonucleotides used in hexose transporter strain con-
struction

Number Primer Sequence (5’ 3’) Gene(s)

28 H3f TGTACATCCGGAATTCTAGATTGGTGAGCGCTAGGAGTCACTGCC HIS3

29 H3r CTCGAGTATTTCACACCGCATATGATCCGTCG HIS3

201 Hx2uf GACTAGTACCGGTGTTTTCAAAACCTAGCAACCCC HXT2

202 Hx2ur CGTACGCGTCTTCCGGAAGGGTACCATCAGATTTCATTTGACC HXT2

203 Hx2df GAAGACACTCGAGACGTCCTTTGTCTGTGAAACCAAGGGC HXT2

204 Hx2dr GTCGACGGGCCCTTATGTTGGTCTTGTTTAGTATGGCCG HXT2

205 Hx3uf AAGCGGCCGCACTAGTACCGGTGAAACAACTCAATAACGATGTGGGAC HXT3

206 Hx3ur ATCCGGACGTCTTCCTCAAGAAATCAGTTTGGGCGACG HXT3

210 Hx4df AGAAGACGCTCGAGACGTCCCTTATGGGAAGAAGGTGTTTTGCC HXT4

211 Hx4dr ATGGATCCTAGGGGTTCTTGCAGAGTAAACTGCG HXT4

212 Hx5uf AAGCGGCCGCACTAGTACATGTGAACTTGAAAACGCTCATCAAGGC HXT5

213 Hx5ur TTCGTACGCGTCTTCCGGAGTAACATGAAACCAGAGTACCACG HXT5

229 Hx7df AGAAGACCCTCGAGACGTCCGACGCTGAAGAAATGACTCACG HXT7

230 Hx7dr AGTCGACGGATCCGTAATTTTTCTTCTTTTAAGTGACGGGCG HXT7

243 Gal2ufn AAGCGGCCGCACTAGTACCGGTGATCTATATTCGAAAGGGGCGG GAL2

244 Gal2urn AACGTACGTCCGGATCATTAGAATACTTTTGAGATTGTGCGCT GAL2

233 Ga2df AGAAGACCCTCGAGACGTCTTACCTTGGAAATCTGAAGGCTGG GAL2

234 Ga2dr GTGGATCCTAGGTAAAACGGTACGAGAAAAGCTCCG GAL2

Supplemental Table 3. Oligonucleotides used for construction hexokinase de-
letion strain 

Number Primer Sequence (5’ 3’) Gene(s)
834 Hxk2f GCCAGAAAGGGTTCCATGGCCGATGTGCCAAAGGAATTGATGCAACAAATC

CGTCGACCTCGAGTACCGTTCG
HXK2

835 Hxk2r GCCAGAAAGGGTTCCATGGCCGATGTGCCAAAGGAATTGATGCAACAAATC
CGTCGACCTCGAGTACCGTTCG

HXK2

838 Glk1f ATGTCATTCGACGACTTACACAAAGCCACTGAGAGAGCGGTCATCCAGGCC
CGTCGACCTCGAGTACCGTTCG

GLK1

839 Glk1r CAATCTTCAAGTGCACCTTCCTCTCACCCTCGGCACCCAAGGGTGACAAGC
CGGATCCTACCGTTCGTATAGC

GLK1

846 Hxk1f ATGGTTCATTTAGGTCCAAAGAAACCACAGGCTAGAAAGGGTTCCATGGCC
GGATCCACTAGCATAACTTCG

HXK1

847 Hxk1r ATGGTTCATTTAGGTCCAAAGAAACCACAGGCTAGAAAGGGTTCCATGGCC
GGATCCACTAGCATAACTTCG

HXK1

848 Gal1f ATGACTAAATCTCATTCAGAAGAAGTGATTGTACCTGAGTTCAATTCTAGCGG
ATCCACTAGCATAACTTCG

GAL1

849 Gal1r TTATAATTCATATAGACAGCTGCCCAATGCTGGTTTAGAGACGATGATAGTTG
GGCCGCCAGTGTGATGG

GAL1

Supplemental Table 4. Oligonucleotides used in qPCR.

Name Sequence (5’  3’)

ActinF
ActinR
HXT1F
HXT1R
HXT2F
HXT2R
HXT3F
HXT3R
HXT4F
HXT4R
HXT5F
HXT5R
HXT7F
HXT7R
HXT8F
HXT8R 
HXT9F
HXT9R
HXT10F
HXT10R
HXT11F
HXT11R
HXT12F
HXT12R
HXT13F
HXT13R
HXT14F
HXT14R
HXT15F
HXT15R
HXT16F
HXT16R
HXT17F
HXT17R
GAL2F
GAL2R

GGATTCTGAGGTTGCTGCTTTGG
GAGCTTCATCACCAACGTAGGAG
TGTTCTCTGTACACCGTTGACCG
AGATCATACAGTTACCAGCACCC
CTTCGCATCCACTTTCGTG
AATCATGACGTTACCGGCAGCC
GAAGCTAGAGCTGCTGGTTCAGC
ACAACGACATAAGGAATTGGAGCC
ATGGAGAGTTCCATTAGGTCTAGG
ATAACAGCTGGATCGTCTGCGC
TTGCTATGTCGTCTATGCCTCTG
AGATAAGGACATAGGCAACGGG
GGGTGCTGCATCCATGACTGC
ACAACGACATAAGGAATTGGAGCC
GTACTACTATCTTCAAATCTGTCGG
CTTGTGACGCCAACGGAGGCG
CCATTGAGAGGTTTGGACGCCG
ACACAATCATACAGTTACCGGCG
GGAATGCAAGACTCTTTCGAGAC
CTAGTGACGCCAACGGTGGCG
GCCACTCAATGGAGAGTCGGC
CAACTAGCAAGGCTGGATCGTC
CACCATCTTCAAATCTGTCGGTC
CAATCATACAGTTACCGGCACCC
CCCTCATGGCCAGGACGGTC
TTGCCATAACCAGTTGCATGCAG
GCCTTAGTAGTGTACTGCATCGGT
TGATACGTAGATACCATGGAGCC
GAGGCCTGTGTCTCCATCGCC
CACAAGAATACCTGTGATCAAACG
CAAGGAAGTATAGTAATACTGCGC
TTGGCGATGGAGACACAGGCC
TAACACTGCACAATGGAGAGTCC
TGAGTACCCATGGATCCTCTGG
TCAATGGAGAGTTCCATTAGGGC
CTGGACGGCAGGATCCTCTGG
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SUPPLEMENTAL DATA

Supplemental Table 5. Oligonucleotides used in cloning and sequencing.

Name Sequence (5’  3’)

F HXT1 Xbai GCATTCTAGAATGAATTCAACTCCCGATCTAATATC

R HXT1 Cfr9i TGCATCCCGGGTTATTTCCTGCTAAACAAACTCTTGTA

F HXT2 Xbai GTCCTCTAGAATGTCTGAATTCGCTACTAGCCG

R HXT2 Cfr9i CATCGCCCGGGTTATTCCTCGGAAACTCTTTTTTCTTTTG

F HXT36 Bcui GCATACTAGTATGAATTCAACTCCAGATTTAATATCTC

R HXT36 BamHi ACGTGGATCCTTATTTGGTGCTGAACATTCTCTTGT

R HXT36 BamHI-stop CCATGGATCCTTTGGTGCTGAACATTCTCTTGTAC

F HXT4 Xbai GTCCTCTAGAATGTCTGAAGAAGCTGCCTATCAAG

R HXT4 RN Cfr9i TATCGCCCGGGTTAATTAACTGACCTACTTTTTTCCGA

F HXT5 Xbai GTCCTCTAGAATGTCGGAACTTGAAAACGCTCATC

R HXT5 Cfr9i GCATCCCGGGTTATTTTTCTTTAGTGAACATCCTTTTATA

F HXT7 Xbai GTCCTCTAGAATGTCACAAGACGCTGCTATTGCA

R HXT7 Cfr9i CATCGCCCGGGTTATTTGGTGCTGAACATTCTCTTG

F saci s promHXT7 ATCGTCTAGATCTCGTAGGAACAATTTCGGGCCC

R promHXT7 xbai AGTCTCTAGATTTTTGATTAAAATTAAAAAAACTTTTTGTTTTTG

F terHXT7 Bsu15i GCATATCGATTTTGCGAACACTTTTATTAATTCATGATC

R terHXT7 Sali GCATGTC GACGCAAGAACCATAATCCTCCTTTCTG

F HXT36 367NNN CGGTGTCGTCnnnTTCTTCTCTACTTGTTG

R HXT36 367NNN CAACAAGTAGAGAAGAAnnnGACGACACCG

F GFP BamHI AAAGGATCCATGGTGAGCAAGGGCGAGGAGC

R GFP ClaI AAAATCGATTTACTTGTACAGCTCGTCC

n is any nucleotide

Supplemental Table 6. Sugar conversion parameters of strain DS68625 ex-
pressing the indicated Hxt36 transporters when grown on 0.5 % D-glucose 
and 0.5 % D-xylose.

Hxt36 Hxt36-N367I Hxt36-N367A

AVG STD AVG STD AVG STD

Residual sugar (g/l) 1.88 0.01 6.74 0.21 0.08 0.01

Q D-glucose a (g D-glc/gDW.h) 1.82 0.05 0.38 0.01 0.93 0.01

Q D-xylose b (g D-xyl/gDW.h) 0.15 0.01 0.12 0.01 0.27 0.01

Y EtOH (g EtOH/g sugar consumed) 0.39 0.01 0.43 0.01 0.41 0.01

Y EtOH (g EtOH/g total sugar) 0.32 0.01 0.17 0.01 0.40 0.01

a D-glucose conversion rates were calculated in the first 1.5 hours
b D-xylose conversion rates were calculated in the first 7.5 hours
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ABSTRACT

Background: Engineering of the yeast Saccharomyces cerevisiae for im-
proved utilization of pentose sugars is vital for cost-efficient cellulosic 
bioethanol production. Although endogenous hexose transporters 
(Hxt) can be engineered into specific pentose transporters, they re-
main subjected to glucose-regulated protein degradation. Therefore, 
in the absence of glucose or when the glucose is exhausted from the 
medium, some Hxt proteins with high xylose transport capacity are 
rapidly degraded and removed from the cytoplasmic membrane. Thus, 
turnover of such Hxt proteins may lead to poor growth on solely xylose.

Results: The low affinity hexose transporters Hxt1, Hxt36 (Hxt3 variant) 
and Hxt5 are subjected to catabolite degradation as evidenced by a loss 
of GFP fused hexose transporters from the membrane upon glucose 
depletion. Catabolite degradation occurs through ubiquitination, which 
is a major signaling pathway for turnover. Therefore, N-terminal lysine 
residues of the aforementioned Hxt proteins predicted to be the target 
of ubiquitination, were replaced for arginine residues. The mutagenesis 
resulted in improved membrane localization when cells were grown on 
solely xylose concomitantly with markedly stimulated growth on xylose. 
The mutagenesis also improved the late stages of sugar fermentation 
when cells are grown on both glucose and xylose.

Conclusions: Substitution of N-terminal lysine residues in the en-
dogenous hexose transporters Hxt1 and Hxt36 that are subjected to 
catabolite degradation results in improved retention at the cytoplas-
mic membrane in the absence of glucose and causes improved xylose 
fermentation upon the depletion of glucose and when cells are grown 
in D-xylose alone.

Keywords: Sugar transporter, Ubiquitination, Xylose transport, Yeast

BACKGROUND

During the last three decades, biofuels have received a lot of attention 
since these are derived from renewable lignocellulosic biomass and can 
potentially replace conventional fossil fuels. However, the lignocellulosic 
biomass (from hardwood, softwood and agricultural residues) which is 
used to produce bioethanol contains up to 30 percent of xylose next 
to the glucose (4). In industrial fermentation processes Saccharomyces 
cerevisiae is generally used for ethanol production but this yeast cannot 
naturally ferment pentose sugars like e.g. xylose. Although S. cerevisiae 
has been engineered into a xylose-fermenting strain via either the in-
sertion of a xylose reductase and xylitol dehydrogenase (7, 8) or a fungal 
xylose isomerase (9–11), glucose remains the preferred sugar which is 
consumed first. Therefore, during grown of contemporary xylose-fer-
menting S. cerevisiae strains on a second generation feed stock, consump-
tion rates of xylose in the presence of high glucose concentrations always 
remained moderate (36). Instead bi-phase sugar consumption is ob-
served which relates to sequential sugar uptake wherein first glucose and 
subsequently xylose is sequestered by the cells. Wild-type S. cerevisiae 
hexose transporter (Hxt) proteins all show a higher Km value for xylose 
uptake as compared to glucose which explains the preference for glucose 
over xylose (36, 70). More recently, co-fermentation of these sugars has 
been reported through the engineering of endogenous Hxt transporters 
(Hxt’s) (65, 72) yielding non-glucose inhibited xylose transporters. A 
Hxt-deletion strain, in which the HXT1–17 and GAL2 genes were re-
moved, is unable to grow on xylose and glucose while growth on xylose 
could be complemented with Hxt4, Hxt5, Hxt7 and Gal2 (36). Saloheimo 
and coworkers (70) additionally showed that also Hxt1 and Hxt2 are 
able to transport xylose in a strain in which the main hexose transporter 
genes HXT1–7 and GAL2 were deleted. In none of these studies, Hxt3 
was analyzed. In general, the HXT family of sugar transporters facilitate 
glucose transport in S. cerevisiae (34, 35) while Hxt1–7 and Gal2 are the 
main and highest expressed transporters exhibiting different affinities 
for glucose thus covering a wide range of glucose concentrations (35, 94). 
Hxt transporters can be divided into three groups on the basis of their 
glucose transporter affinity and expression, namely: Low affinity glucose 
transporters Hxt1 and Hxt3 (Km 40–100 mM) which are expressed at 
high glucose concentrations but disappear from the membrane at low 



CH
A

PT
ER

 5

116

Im
pr

ov
in

g 
pe

nt
os

e 
fe

rm
en

ta
tio

n 
by

 p
re

ve
nti

ng
 u

bi
qu

iti
na

tio
n 

of
 h

ex
os

e 
tr

an
sp

or
te

rs
 in

 S
ac

ch
ar

om
yc

es
 c

er
ev

isi
ae

117BACKGROUND RESULTS

glucose concentration; moderate affinity glucose transporters Hxt4 and 
Hxt5 (Km 10–15 mM) with a varied expression profile; and high affinity 
transporters Hxt2 and Hxt7 (Km 1–3 mM) that are solely expressed at 
lower glucose concentration (34, 94, 96, 101, 104). Gal2 which is a ga-
lactose transporter also shows a high affinity for glucose (Km 1.5 mM) (65). 
However, the GAL2 gene is expressed only when galactose is present (94, 
141). Expression studies have shown that the HXT1–4 genes are mainly 
repressed by the Rgt1 repressor, which recruits the general co-repressor 
Cyc8-Tup1 complex and the co-repressor Mth1 to the HXT promotors 
in the absence of glucose (97, 98, 100, 103, 142, 143). HXT genes are 
induced by three major glucose signaling pathways (Rgt2/Snf3, AMPK 
and cAMP-PKA) which bring about glucose induction by inactivating 
the Rgt1 repressor (144–146) and as demonstrated for Hxt1 and Hxt3, 
subsequent endocytosis and vacuolar degradation of cytoplasmic mem-
brane localized transporters when the glucose concentration is low (82, 
103, 147). Protein degradation in S. cerevisiae is brought about via the 
ubiquitination of the target proteins (82). Ubiquitin is typically linked 
to the target protein through an isopeptide bond between the ɛ-amino 
group of a substrate lysine residue and the carboxyl terminus of ubiquitin 
(148). Hxt1 has previously been shown to be ubiquitinated when the 
glucose levels in the medium are low (103).

A potential issue with the use of Hxt-derived, engineered xylose trans-
porters is that their overexpression not always matches to the growth 
phase and/or carbon source under study. For example, if a xylose trans-
porter would be derived from Hxt3 by protein engineering, one should 
note that Hxt3 intrinsically is a low-affinity glucose/xylose transporter 
induced at high glucose concentrations while the protein is rapidly de-
graded and removed from the plasma membrane in the absence of glu-
cose (82). Hxt3 indeed supports only limited or no growth when cells are 
supplied with solely xylose (36). The Hxt1 (103) and Hxt3 (82) transport-
ers have in common that upon depletion of glucose in the medium, they 
are removed from the membrane and for Hxt1 is was shown that it is 
indeed ubiquitinated at two lysine residues in the N-terminus (103). This 
pathway involves endocytosis and vacuolar degradation. Hxt36 is a chi-
meric protein constituting the N-terminus of Hxt3 (438 amino acids) and 
the C-terminus of Hxt6 (130 amino acids). This chimeric protein occurs 
in specific xylose-consuming S. cerevisiae strains that have been evolved 
for industrial bioethanol formation (72). Hxt36 is highly homologues 

to Hxt3, and, is like Hxt3 (82), also susceptible to degradation in the 
absence of glucose. Thus, the presence of the C-terminus of Hxt6 did 
not rescue Hxt36 against turnover. Moreover, in a Hxt-deficient strain, 
Hxt36 supported only slow xylose consumption in a fermentation in 
the absence of glucose (72). Hxt5 is an intermediately expressed hexose 
transporter at low glucose concentration exhibiting a moderate affinity 
for glucose (~ 10 mM) (149) and is regulated by growth rate (104). Hxt5 
is degraded at high concentrations of glucose in the medium (150). In 
stationary-phase cells, Hxt5 is transient phosphorylated on serine res-
idues and no ubiquitination was detected (150). As a possible strategy 
to prevent the protein degradation of the aforementioned transport-
ers Hxt1, Hxt36 and Hxt5, we have mutated lysine residues predicted 
to be potential targets for ubiquitination and expressed these mutant 
proteins in xylose fermenting yeast. The presented data shows that the 
mutagenesis results in a marked retention of these transporters at the 
cytoplasmic membrane both at high and low glucose concentration and 
improved growth on solely xylose in anaerobic fermentations. Thereby, 
a method is proposed to retain potentially interesting HXT-based, en-
gineered transporters with affinity for xylose at the membrane in mixed 
sugar fermentations with varying glucose concentrations. 

RESULTS

MUTAGENESIS OF PUTATIVE UBIQUITINATION SITES ON HXT 
TRANSPORTERS AND GROWTH ON XYLOSE

Hxt transporters in S. cerevisiae are regulated both at the transcriptional 
and posttranslational level (96). Here, individual HXT genes were re-
moved from their native transcriptional regulation and constitutively 
expressed under control of the truncated (−390) HXT7 promoter in a 
Δhxt1–7; Δgal2 deletion strain with the aim to investigate the impact 
of the posttranslational degradation process on sugar fermentation.
The Hxt36 amino acid sequence was analyzed for putative ubiquiti-
nation sites using UbPred (http://www.ubpred.org/) predicting possi-
ble ubiquitination of the lysine residues at position 12, 35, 420, 557 
and 561 (Figure 1; numbered according to Hxt1 that acts as a ref-
erence). Lysine 420 showed a low confidence score and is localized 
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to an external loop of Hxt36. Therefore, we focused on the lysine 
positions in the N- and C- terminus of Hxt36. These residues were 
mutagenized to arginine, and various combinations of mutagenized 
Hxt36 proteins were generated. Via overlap-PCR the following combi-
nations were made: K12R, K12,35,56R, K514,533,557,561,567R and 
K12,35,56,514,533,557,561,567R that were cloned into pRS313-P7T7 
(72) and renamed 1K, 3K 5K and 8K, respectively. Furthermore, all 
aforementioned mutations were also introduced in the HXT36 N367A 
gene, which enables co-fermentation of D-glucose and D-xylose due to 
an improved substrate specificity towards D-xylose over D-glucose (72). 
All mutants and wild type HXT36 genes were transformed into strain 
DS68625 which lacks the HXT1–7,GAL2 genes and is equipped with a 
xylose fermentation pathway [11]. Subsequently, cells were grown on 
2 % D-xylose (Figure 2). In this strain, growth on xylose is dependent 
on the introduction of a Hxt transporter. In the case of both Hxt36 
variants, the triple lysine mutations in the N-terminus of Hxt36 (3K) 
enabled efficient growth on D-xylose as sole carbon source. Notably, 
with the mutant HXT36 N367A gene, growth solely on D-xylose oc-
curred with an increased lag-phase (Figure 2B). The Hxt36 wild-type 
bearing the mutations in all C- and N-terminal lysine residues (8K) 
also enabled improved growth on D-xylose but not as well as the 3K 
mutant (Figure 2A). The 5K with mutations only in the C-terminus and 
the 1K mutant showed only small improvements. The data shows that 
replacement of in particular the three N-terminal lysine residues of 
Hxt36 for arginine, results in improved growth on D-xylose.

A similar approach was followed for Hxt1 and Hxt5, and the N- terminal 
lysine residues were replaced by arginine residues at positions 12, 27, 35 
and 59; and 28, 48, 61, 69, 77, 78 and 80, respectively (Figure 1). These 
mutants are further referred to as Hxt1 K4 and Hxt5 K7. All mutant pro-
teins were cloned into pRS313-P7T7 and transformed to the DS68625 
strain. In contrast to the wild-type Hxt1, the strain carrying the Hxt1 
K4 mutant was capable of grow on 2 % D-xylose (Supplemental Fig-
ure 1A). The Hxt5 K7 mutant did not improve upon the wild-type Hxt5 
(Supplemental Figure 1B) confirming an earlier study (150). These data 
show that mutating potential ubiquitination sites on Hxt transporters 
unmasks the ability of such transporters to support growth of yeast on 
solely xylose. In the remainder of this study, we therefore focused on 
the Hxt36 3K mutant which showed the most prominent effect.
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Figure 2. Growth of strain DS68625 over-expressing Hxt36 (A) and Hxt36 
N367A (B) on 2 % D-xylose. Different variants of Hxt36 were used in which the 
N- and C-terminal lysine residues were replaced by arginine residues ( = wt; 
 = 1K;  = 3K;  = 5K; and  = 8K). 

MEMBRANE LOCALIZATION AND RETENTION OF MUTATED 
HXT TRANSPORTERS 

To determine if the improved growth on D-xylose relates to an improved 
retention of the mutated Hxt transporters at the cytoplasmic membrane, 

which is expected when turnover is prevented, the different mutants 
were fused C-terminally to the fluorescent reporter GFP. The various fu-
sion proteins were expressed in the DS68625 strain, and cells were pre-
grown with D-glucose and transferred to a medium with 2 % D- glucose 
or D-xylose. Next, at various time intervals, the cellular localization of 
the Hxt-GFP fusion protein was assessed by fluorescence microscopy. 
Since the growth rate on D-xylose (Figure 2) and on low concentrations 
of D-glucose (data not shown) by the respective lysine mutants was 
significantly increased as compared to the wild-type Hxt36 and Hxt36 
N367A, it is difficult to obtain S. cerevisiae cells which are in exactly 
the same, active budding, state. Therefore, microscopic investigations 
were performed over a large time span of growth to observe the general 
trend. On D-glucose, Hxt36 was readily degraded as a major share of 
the GFP fluorescence was recovered in the vacuole already after 16 hrs 
of growth. At that time point the D-glucose concentration was close 
to zero (data not shown). Progressively less GFP signal was retained on 
the plasma membrane over time and after 40 hours hardly any GFP flu-
orescence could be localized at the cytoplasmic membrane (Figure 3A). 
Wild type Hxt36 supported only slow growth on xylose (Figure 2). At 
the start of the growth experiment on D-xylose (Figure 3B, T0) still a 
plasma membrane signal was observed due to pre-culture conditions 
on glucose but later degradation was severe as after 16 hours hardly 
any GFP could be localized to the cytoplasmic membrane (Figure 3B). 
In contrast, the Hxt36–3K GFP fusion localized almost exclusively to 
the plasma membrane independent of carbon source and the time the 
strain was grown (Figure 3A and 3B). The Hxt36 N367A mutant showed 
a similar phenotype as the wild-type protein, and thus mutagenesis 
of the N-terminal lysine residues also resulted in a stable cytoplasmic 
membrane localization. Thus, the mutagenesis of the three lysines in 
this mutant had a marked effect on membrane retention of Hxt36. Wild 
type Hxt1 was readily degraded when cells were grown on D-xylose 
or when the D-glucose was exhausted from the medium, whereas the 
Hxt1 K4 mutant stably localized to the cytoplasmic membrane, even 
after 40 hours (Supplemental Figure 2A). In contrast, with the Hxt5-
GFP fusion a slower protein degradation rate was noted when the 
D-glucose was utilized, and even after 40 hours, still some of the GFP 
localized to the cytoplasmic membrane. Similar results were obtained 
when cells were grown on D-xylose (Supplemental Figure 2A). The Hxt5 
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123RESULTS RESULTS

K7 mutant shows improved retention (Supplemental Figure 2B) but 
this effect was not as marked as with Hxt36 and Hxt1. In line with this 
observation that Hxt5 is more stably expressed than Hxt36 and Hxt1 
when cells are grown on D-xylose only, growth on D-xylose was not 
markedly improved by the Hxt5 K7 mutant (Supplemental Figure 2B). 
It is concluded that mutagenesis of the N-terminal lysine residues to 
arginine in Hxt36 and Hxt1 which is predicted to interfere with ubiq-
uitination results in improved cytoplasmic membrane localization of 
the aforementioned transporters.

SUGAR UPTAKE BY THE MUTANT HXT PROTEINS 

The improved xylose fermentation characteristics of the cells bearing 
the Hxt36 and Hxt1 transporters with mutated ubiquitination sites is 
likely due to decreased protein degradation and hence more stable mem-
brane localization. However, the mutations may also have altered the 
transport characteristics of the transporter. To circumvent the observed 
differences in protein degradation in the absence of D-glucose, and to 
assure identical growth conditions, all strains carrying the wild-type and 

Figure 3. Membrane localization of Hxt36 and Hxt36 N367A fused to GFP 
with and without the 3K (K12,25,56R) mutations when grown on minimal me-
dium with 2 % D-glucose (A) and 2 % D-xylose (B) in a 0 to 40 hrs time range. 
The scale bar corresponds to 5 mm.

mutated Hxt transporters were inoculated and grown in minimal me-
dium containing 4 % D-maltose and grown for only 15 hours to prevent 
depletion of the D-maltose. Although there is a marked difference in 
the uptake of D-glucose (Figure 4A) and D-xylose (Figure 4B) between 
the Hxt36 and the Hxt36 N367A mutant due to the altered substrate 
specificity (72), the N-terminal lysine mutations had little impact on the 
affinity of transport (Table 1). Compared to the previously described 
Hxt11 transporter (71), the Km value for D-xylose by Hxt36 is similar (i.e., 
71.8 ± 3.6 mM for Hxt36 vs 84.2 ± 10.0 mM for Hxt11) whereas the Vmax 
for xylose transport is higher for Hxt11 (i.e., 48.1 ± 8.0 mol/mgDW.min 
for Hxt36 vs 84.6 ± 2.4 nmol/mgDW.min for Hxt11) (Table 1). A similar 
difference in Vmax is apparent when the mutated versions of Hxt36 
(N367) and Hxt11 (N366) are compared (Table 1).

Hxt1 and Htx5 were not analyzed in detail with respect to the sugar 
transport kinetics, but uptake was assessed at 100 mM of D-glucose 
or D-xylose only, again using cells grown on maltose. Also in this case, 
the N-terminal lysine mutations did not affect the uptake (See Supple-
mental Figure 3A and 3B). These data show that the lysine mutations 
introduced in the N-terminus have little effect on the actual transporter 
affinity. Rather, the mutations affect stability of Hxt1 and Hxt36 in the 
absence of glucose, and thus will support increased transport rates on 
solely D-xylose.

SUGAR FERMENTATIONS

To investigate if the low levels of Hxt protein degradation also impact 
the profile in mixed sugar fermentation, the Hxt36 wild-type and N367A 
mutant with and without the N-terminal lysine mutations were grown 
anaerobically with 3 % D-glucose and 3 % D-xylose. Wild-type Hxt36 
supported the characteristic sequential consumption of D-glucose and 
D-xylose (Figure 5A). At the end of fermentation, i.e., after 48 hours, the 
D-xylose was not yet completely consumed (3.32 g/l D-xylose left). The 
Hxt36–3K mutant also showed bi-phase sugar consumption, but with 
improved D-xylose consumption such that at the end of the fermentation 
nearly all D-xylose was utilized with the concomitant increase in growth 
(Figure 5A) and ethanol productivity (0.54 ± 0.03 g/l.hr in Hxt36–3K 
vs 0.48 ± 0.04 g/l.hr in Hxt36) (Supplemental Table 2). Compared to 
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125RESULTS RESULTS

an earlier study using the wild-type and the N366A mutant of Hxt 11 
(71), the ethanol productivity appears about 3 times lower in this study. 
However, the ethanol productivity is depending on the inoculation 
OD600 and the total sugar concentration, both of which were higher in 
the aforementioned study. Ethanol yield (YEtOH) and specific ethanol 
production rate (QEtOH) were, however, similar (Supplemental Table 2).

Figure 4. Kinetic analysis of the uptake of [14C-] D-glucose (A) and [14C-] D- 
xylose (B) by the DS68625 strain expressing Hxt36 (), Hxt36–3K (), Hxt36 
N367A () and Hxt36 N367A-3K (). Errors are the standard deviation of two 
independent experiments.

Table 1. Km and Vmax values for D-glucose and D-xylose uptake by various 
Hxt36 transporters expressed in the Hxt deletion strain DS68625 grown on 
maltose.

Km
(mM)

Vmax
(nmol/mg DW.min)

Glucose Xylose Glucose Xylose

Hxt36 4.7 ± 2.5 71.8 ± 3.6 56.4 ± 11.5 48.1 ± 8.0

Hxt36-3K 2.6 ± 0.2 58.6 ± 1.3 58.0 ± 2.4 42.4 ± 1.1

Hxt36 N367A
Hxt36 N367A-3K

165.7 ± 28.6
197.7 ± 14.6

32.8 ± 11.5
34.2 ± 14.3

116.4 ± 14.4
124.3 ± 10.2

25.4 ± 5.1
26.7 ± 4.3 

Hxt11*
Hxt11 N366T* 

33.4 ± 2.1
194.4 ± 47.9

84.2 ± 10.0
46.7 ± 2.7

156.4 ± 7.6
238.6 ± 7.4

84.6 ± 2.4
76.2 ± 4.8

Errors are the standard deviation of 2 independent experiments. * From Shin HY et.al., 2015

In contrast to Hxt36, the Hxt36 N367A variant and its 3K mutant 
both showed co-consumption of D-glucose and D-xylose, and there 
was no increased D-xylose consumption rate at the end of the fermen-
tation (Figure 5B). Both strains consumed all D-glucose and D-xylose 
within 48 hours showing in the end, similar growth (Figure 5A) and 
ethanol productivity as the Hxt36–3K mutant (Supplemental Table 2). 
It should be stressed that the greatest benefit by the lysine mutations 
in D-xylose consumption is expected in the strains that show bi-phasic 
sugar utilization, as D-xylose consumption commences only once the 
D-glucose is exhausted which in turn induces turnover of the respective 

Figure 5. Fermentation of D-glucose and D-xylose by strain DS68625 express-
ing Hxt36 or Hxt36–3K (A) and Hxt36 N367A and Hxt36 N367A-3K (B). Sym-
bols depicted show growth (OD600; open squares), ethanol (open triangles), 
D-glucose (closed squares) and D-xylose (closed triangles). The 3K mutants are 
show as solid lines, and the parental transporters are indicated with dashed 
lines. Errors are the standard deviation of two independent experiments.
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127DISCUSSION DISCUSSION

transporters. When cells co-consume both sugars, D-xylose transport 
will hardly be affected as the presence of D-glucose will ensure mem-
brane retention of the Hxt36 transporter. When grown solely on 3 % 
D-xylose, the ethanol production rate (QEtOH) and ethanol productivity 
by both the 3K mutants were significantly increased compared to the 
Hxt36 wild-type and N367A mutant transporters (Supplemental Ta-
ble 2). This is because the wild-type Hxt36 only supports poor growth 
on solely D-xylose (Figure 2). The QEtOH is, however, corrected for the 
biomass and therefore less improved. On 3 % D-glucose, there are no 
major differences observed among the various transporters as expected 
as the transporters then remain at the membrane. 

The yeast strains bearing Hxt1 and Hxt5 and their respective lysine 
mutants were also subjected to mixed sugar fermentation. Compared 
to Hxt36, Hxt1 showed an extended fermentation-time but the Hxt1K4 
mutant consumed the D-xylose faster compared to the wild-type (Sup-
plemental Figure 4A) also resulting in more biomass (OD600). The fer-
mentation profile of Hxt5 is similar to Hxt36, but both Hxt5 and the 
Hxt5 K7 mutant consumed both sugars within 48 hours. However, the 
remaining D-xylose was consumed somewhat faster by the Hxt5 K7 
mutant (Supplemental Figure 4B) compared to the wild-type in which 
the D-xylose consumption rates in the absence of D-glucose (at time 
points 24 to 32 hours) were 1.35 g/h ± 0.16 and 1.18 ± 0.15 g/h, respec-
tively. Taken together, these data suggest that mutations that prevention 
of ubiquitination in Hxt36, Hxt1 and Hxt5, results in enhanced rates of 
xylose consumption in the late stages of fermentation when cells are 
grown on a mixture of D-xylose and D-glucose.

DISCUSSION

In the yeast Saccharomyces cerevisiae, the expressed transporters Hxt1–7 
function as facilitators for D-glucose. With a reduced affinity, these sys-
tems also mediate influx of D-xylose which is critical step when cells 
grow on processed lignocellulosic biomass that contains both D-glucose 
and D-xylose. For industrial bioethanol production, xylose-fermenting 
S. cerevisiae strains are used but in such strains, D-xylose consumption 
is only commences once the D-glucose is exhausted. For a more ro-
bust fermentation, co-consumption of both sugars is desired. Although 

several S. cerevisiae strains metabolizes D-xylose efficiently, uptake and 
therefore consumption of D-xylose, is strongly inhibited by D-glucose 
(72). Although recently some co-consumption could be observed de-
pending on the specific S. cerevisiae strain examined (151), this problem 
is much more efficiently tackled by mutagenesis of endogenous Hxt 
transporters resulting in the specific D-xylose uptake even in the pres-
ence of D-glucose (33, 65, 71, 72). However, many of the Hxt proteins 
are rapidly degraded in the absence of D-glucose (82) and therefore 
their capacity to mediate D-xylose transport is underestimated as these 
transporters are readily removed from the cytoplasmic membrane by 
a mechanism that involves the ubiquitination dependent degradation 
pathway once the D-glucose is depleted in the medium. Here we have 
shown that catabolite degradation of the chimeric Hxt36 transporter 
can be overcome by substituting the three N-terminally located lysine 
residues (3K) for arginine which should effectively prevent ubiquiti-
nation. This mutagenesis indeed has a major effect on the growth of 
S. cerevisiae on solely D-xylose. To sustain growth on D-xylose, small 
amounts of D-maltose were needed (72) to shorten the lag phase of 
cells bearing Hxt36 grown on 2 % D-xylose. Although this allowed 
a more rapid start of growth, overall growth on D-xylose remained 
limited. In contrast, the Hxt36–3K mutant used in the current study 
supports rapid growth even without the addition of maltose. In an in-
dustrial-like fermentation, with high levels of D-glucose and D-xylose, 
the Hxt36–3K mutant showed sequential utilization of D-glucose and 
D-xylose, but the overall fermentation time was slightly shortened due 
to an increased rate of D-xylose in the absence of D-glucose at the end 
of the fermentation. In contrast, our previously reported Hxt36 N367A 
mutant (72) expressed in the DS68625 strain shows co-consumption 
of D-glucose and D-xylose. With this mutant, the lysine mutations did 
not affect the overall fermentation likely because D-glucose remained 
present throughout the fermentation. Under those conditions, Hxt36 
will remain on the membrane and thus sustain co-consumption. Using 
GFP fusions to detect the membrane localization and expression of 
Hxt36, the mutagenesis of the N- terminal lysine residues was indeed 
found to stabilizes the expression of Hxt36 and Hxt36 N367A at the 
cytoplasmic membrane when cells are grown on D-xylose only which 
is consistent with the presumed role of ubiquitination in catabolite 
degradation. 
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129CONCLUSIONS METHODS

A recent study that analyzed glucose starvation-induced turnover 
of Hxt1 showed that the two N-terminally located lysine residues at 
position 12 and 39 are required for ubiquitination and thus degradation 
(103). We mutated all N-terminally lysine residues (at positions 12, 27, 35 
and 59) and obtained similar results with respect to membrane retention. 
The mutations improved Hxt1 dependent D-xylose fermentation but 
overall the effect was smaller than compared to Hxt36. This latter might 
be due to the poorer Km value of Hxt1 for D-xylose, i.e., 880 ± 8 mM (70) 
vs 108 ± 12 mM for Hxt36 (72). Thus with Hxt1, the Km value is far above 
the residual D-xylose concentrations at the end of the fermentation 
(< 50 mM), likely causing slow uptake of the D-xylose at the final stages 
of fermentation leading to incomplete fermentation. The hexose trans-
porter Hxt5 shows a moderate affinity for glucose affinity (10 ± 1 mM 
(149)), and this transporter is differently regulated as compared to Hxt1 
and Hxt3(36) which are low-affinity glucose transporters and expressed 
early in during fermentations at high glucose concentrations (103, 152). 
Hxt5 is mainly expressed at non-fermentable carbon sources and at low 
growth rates (104, 149). Also degradation of Hxt5 appears to be differ-
ent compared to Hxt1 and Hxt36 since in the stationary-phase, after 
addition of D-glucose, Hxt5 is transiently phosphorylated on serine res-
idues while no ubiquitination could be detected (150). However, it was 
proposed that the ubiquitination might have been below the detection 
limit and therefore ubiquitination could not be excluded. In this respect, 
the Hxt5 mutant with multiple lysine mutation at the N-terminus as 
reported in this study, clearly showed improved membrane localization 
and significantly less vacuolar degradation in the late stages of growth 
suggesting that ubiquitination may also be involved in the degradation 
of Hxt5. Nevertheless, this phenomenon has little impact on the growth 
on solely D-xylose or in anaerobic fermentation with D-glucose and 
D-xylose. Most likely the amount of Hxt5 on the plasma membrane, 
in the absence of D-glucose, is still sufficient to maintain the D-xylose 
uptake and therefore metabolism. 

CONCLUSIONS

Membrane localization of the low affinity hexose transporters Hxt1, 
Hxt36 and Hxt5 is improved by arginine replacement of the N-terminally 

located lysine residues that are potentially involved in ubiquitination. 
Interference with ubiquitination results in reduced catabolite degra-
dation and retention of the hexose transporters also in the absence 
of D-glucose in the medium. Consequently, an improved growth on 
D-xylose occurs with cells bearing Hxt1 and Hxt36 as sole transporters. 
The improved growth rate on D-xylose, in the absence of D-glucose, 
also improves the fermentation time in an industrial-like setting when 
cells are grown on both D-glucose and D-xylose.

METHODS

MOLECULAR BIOLOGY TECHNIQUES AND CHEMICALS

DNA polymerase, restriction enzymes and T4 DNA ligase were acquired 
from ThermoFisher Scientific and used following manufacturer’s instruc-
tions. Oligonucleotides used for strain constructions were purchased 
from Sigma-Aldrich (Zwijndrecht, the Netherlands). 

STRAINS AND GROWTH CONDITIONS

All S. cerevisiae strains used in this study were provided by DSM Bio-
based Products & Services and described, in detail, elsewhere (72). They 
are made available for academic research under a strict Material Transfer 
Agreement with DSM (contact: paul.waal-de@dsm.com). In short, the 
xylose-fermenting S. cerevisiae strains are capable of converting xy-
lose into xylulose via an introduced xylose isomerase (XI), whereupon 
xylulose is phosphorylated into xylulose-5P by xylulose kinase (Xks1). 
Xylulose-5P then enters the pentose phosphate pathway. In addition, 
the key enzymes of the pentose phosphate pathway (Tal1, Rpe1, Rki1 
and Tki1) areoverexpressed. Yeast expression plasmid pRS313 is de-
scribed elsewhere (120) and modified using the promoter and terminator 
of Hxt7 (72). Shake flask experiments at 200 rpm were done in minimal 
medium supplemented with D-maltose, D-xylose and D-glucose as indi-
cated. For the fermentation experiments, cells were pre grown on 2 % D- 
glucose for 16 hours and then used to inoculate the main fermentation 
at a starting OD600 of 0.2 using either 3 % D-glucose, 3 % D-xylose or 
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131METHODS ABBREVIATIONS

3 % D-glucose and 3 % D-xylose. Cells were grown anaerobically up to 
48 hours. Cell growth was monitored by optical density (OD) at 600 nm 
using an UV-visible spectrophotometer (Novaspec PLUS).

ANALYTICAL METHODS

High performance liquid chromatography (HPLC from Shimadzu, Kyoto, 
Japan) was performed using an Aminex HPX-87H column at 65 °C (Bio-
RAD) and a refractive index detector (Shimadzu, Kyoto, Japan) was used 
to measure the concentrations of D-glucose, D-xylose and ethanol. The 
mobile phase was 0.005 N H2SO4 at a flow rate of 0.55 ml/min.

CLONING OF HXT36, HXT1 AND HXT5 AND MUTANTS

The pRS313-P7T7 plasmid, containing the Cen/ARS low copy origin and 
histidine selection marker, expressing Hxt36 and Hxt36 N367A were 
used in a previous study (72). The genes HXT1 and HXT5 were amplified 
on genomic DNA of the DS68616 strain (72) using the primers listed in 
Supplemental Table 1 with the Phusion® High-Fidelity PCR Master Mix 
with HF buffer. The full-length DNA of HXT1 and HXT5 was amplified 
using primers F HXT1 XbaI, R HXT1 Cfr9I and F HXT5 XbaI and HXT5 
Cfr9I respectively, and cloned into pRS313-P7T7. Overlap PCR with the 
Phusion® High-Fidelity PCR Master Mix, in which the original HXTs in the 
pRS313-P7T7 plasmid were used as template, was used to amplify the 
hexose transporters and modify the specified lysine’s into arginine’s using 
the primers in Supplemental Table 1. The C-terminal GFP fusions with 
Hxt36, Hxt1 and Hxt5 and their lysine mutants were made by amplification 
of the corresponding genes with the Phusion® High-Fidelity PCR Master 
Mix using the corresponding forward primer (with and without lysine mu-
tations) and the reverse primer without stop codon (Supplemental Table 1). 

FLUORESCENCE MICROSCOPY

Fresh colonies of the transformants expressing the various variants of 
HXT36 in DS68625 were inoculated in duplicates in minimal medium 

with 2 % D-glucose and grown overnight. Cultures were subsequently 
inoculated in 2 % D-glucose and D-xylose at a starting OD600 of 0.1. To 
determine the cellular localization, after 0, 16, 24 and 40 hours, the flu-
orescence was analyzed using a Nikon Eclipse-Ti microscope equipped 
with a 100× oil immersion objective, a filter set for GFP, and a Nikon 
DS-5Mc cooled camera.

UPTAKE MEASUREMENT

To determine the kinetic parameters of transport, cells were grown for 
15 hours in shake flasks in minimal medium containing 4 % D-maltose and 
were collected by centrifugation (3,000 rpm, 3 min, 20 °C), washed and 
re-suspended in minimal medium without carbon source. [14C] D-xylose 
or [14C] D-glucose stocks were added to the cell suspension, and the 
reaction was stopped, after 15 seconds for D-glucose and 60 seconds 
for D-xylose, by addition of 4 ml of ice cold 0.1 M lithium chloride and 
washed once with the same solution. Samples were filtered over 0.45 μm 
HV membrane filters (Milipore, France) and counted by Liquid Scintil-
lation Counter (Perkin-Elmer, USA). D-xylose and D-glucose concen-
trations were varied from 0.5–200 mM and 0.1–250 mM, respectively.

ABBREVIATIONS

BP: base pair; GFP: green fluorescence protein; HXT: hexose trans-
porter; OD: optical density; PCR: polymerase chain reaction.
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SUPPLEMENTAL DATA

Supplemental Figure 1. Growth of the DS68625 strain expressing Hxt1 (A) 
and Hxt5 (B) on 2 % D-xylose. Depicted as closed squares are the N-termi-
nally lysine mutants (4K and 7K for Hxt1 and Hxt5, respectively) and as open 
squares for the corresponding parental strains. 

Supplemental Figure 2. Membrane localization of Hxt1 and Hxt1 4K (A) and 
Hxt5 and Hxt5 7K (B) fused at the C-terminus to GFP and expressed in strain 
DS68625 that was grown on minimal medium with 2 % D-glucose and 2 % 
D-xylose for a period up to 40 hrs. 

A B
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Supplemental Figure 3. Uptake of 100 mM D-glucose or D-xylose by strain 
DS68625 expressing HXT1 (A) and HXT5 (B). White bars indicate the wild-type 
hexose transporters and the grey bars correspond to Hxt1 4K and Hxt5 7K, re-
spectively. Errors are the standard deviation of two independent experiments.

Supplemental Figure 4. 
Fermentation of D-glu-
cose and D-xylose 
by strain DS68625 
expressing Hxt1 and 
Hxt1–4K (A) and Hxt5 
and Hxt5–7K (B). Sym-
bols depicted show 
growth (OD600; open 
squares), ethanol (open 
triangles), D-glucose 
(closed squares) and 
D-xylose (closed trian-
gles). The lysine mu-
tants are show as solid 
lines, and the parental 
Hxt transporters are 
indicated with dashed 
lines. Errors are the 
standard deviation of 
two independent ex-
periments.

A

B

Supplemental Table 1. Oligonucleotides used for cloning.

Name Sequence (5’  3’)
F HXT36 BcuI GCATACTAGTATGAATTCAACTCCCGATCTAATATC

F Hxt36 Bcui A TCTAGAACTAGTATGAATTCAACTCCAGATTTAATATCTCCACAAAGGTCAAGTG

R Hxt36 BC GCACCTCTACCTGTATTTGGGTTGGTAAGTACTTGGTCGGCCTCAGCTTGGAAATC
ATCTTGAACACCTCTTTCTTCAGG

F Hxt36 BC CCTGAAGAAAGAGGTGTTCAAGATGATTTCCAAGCTGAGGCCGACCAAGTACTTA
CCAACCCAAATACAGGTAGAGGTGC

R Hxt36 DE GGCAGACCTCCATGGTAGAACACCTTCTTCCCACATGGTGTTGACTTCTTCCAAAG
TCAAACCCCTAGTTTCTGG

F Hxt36 DE CCAGAAACTAGGGGTTTGACTTTGGAAGAAGTCAACACCATGTGGGAAGAAGGT
GTTCTACCATGGAGGTCTGCC

R Hxt36 BamHI ACGTGGATCCTTATTTGGTGCTGAACATTCTCTTGT

R Hxt36 -stop BamHI CCATGGATCCTTTGGTGCTGAACATTCTCTTGTAC

R Hxt36 BamHI FGH CCGGGGGATCCTTATCTGGTGCTGAACATTCTCCTGTACAATGGCCTATCATCGTG

R Hxt36-stop BamHI 
FGH

CCGGGGGATCCTCTGGTGCTGAACATTCTCCTGTACAATGGCCTATCATCGTG

F Hxt1 XbaI GCATTCTAGAATGAATTCAACTCCCGATCTAATATC

F Hxt1 XbaI 1k AAAATCTAGAATGAATTCAACTCCCGATCTAATATCTCCTCAGAGATCCAATTC

R Hxt1 2k3k CTTTCATTTCTACCTTCTGGAGTATTCATGGCCCTTGAACG 

F Hxt1 2k3k CGTTCAAGGGCCATGAATACTCCAGAAGGTAGAAATGAAAG 

R Hxt1 4k CGTTACGTAGACACCTCTTCCG 

F Hxt1 4k CGGAAGAGGTGTCTACGTAACG 

R Hxt1 Cfr9I GCAGCCCGGGTTATTTCCTGCTAAACAAAC 

R Hxt1-stop Cfr9I GCAGCCCGGGTTTCCTGCTAAACAAAC 

F Hxt5 XbaI AAAATCTAGAATGTCGGAACTTGAAAACGC 

R Hxt5 1k CGAGTTTCCTGACCTCTCGTTG 

F Hxt5 1k CAACGAGAGGTCAGGAAACTCG 

R Hxt5 2k3k CGTCTCTGGGAGGGCCTTCATGGGAAATGTAACTTGAGACGGGTCTAGC 

F Hxt5 2k3k GCTAGACCCGTCTCAAGTTACATTTCCCATGAAGGCCCTCCCAGAGACG 

R Hxt5 4k5k6k7k CCGACCTCGATCTCCTCTCTAGTTGGTTGTCAACCTCCCTCTG 

F Hxt5 4k5k6k7k CAGAGGGAGGTTGACAACCAACTAGAGAGGAGATCGAGGTCGG 

R Hxt5 Cfr9I GCAGCCCGGGTTATTTTTCTTTAGTGAAC 

R Hxt5 -stop Cfr9I GCAGCCCGGGTTTTTCTTTAGTGAAC 

Underlined, restriction site; bold, introduced mutation.
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Supplemental Table 2. Ethanol Yield, production rate and productivity of strain 
S. cerevisiae DS68625 expressing different transporters and grown on mixed 
and single sugars.

Hxt36 Hxt36–3K Hxt36 
N367A

Hxt36 
N367A-3K

Hxt11 * Hxt11 
N366T *

3 % D-glucose and 3 % D-xylose
YEtOH 0.39 ± 0.01 0.39 ± 0.02 0.39 ± 0.01 0.39 ± 0.02 0.43 ± 0.01 0.41 ± 0.02
QEtOH 0.75 ± 0.08 0.74 ± 0.06 0.74 ± 0.1 0.72 ± 0.06 0.76 ± 0.02 0.72 ± 0.06
EtOH prod. 0.48 ± 0.04 0.54 ± 0.03 0.53 ± 0.02 0.52 ± 0.07 1.56 ± 0.35 1.36 ± 0.29
3 % D-xylose
YEtOH 0.39 ± 0.02 0.39 ± 0.02 0.40 ± 0.02 0.40 ± 0.01 n.d. n.d.
QEtOH 0.09 ± 0.01 0.21 ± 0.02 0.11 ± 0.04 0.23 ± 0.01 n.d. n.d.
EtOH prod. 0.08 ± 0.03 0.27 ± 0.04 0.06 ± 0.03 0.29 ± 0.05 n.d. n.d.
3 % D-glucose
YEtOH 0.38 ± 0.01 0.38 ± 0.02 0.39 ± 0.02 0.39 ± 0.01 n.d. n.d.
QEtOH 0.55 ± 0.06 0.59 ± 0.06 0.65 ± 0.02 0.60 ± 0.03 n.d. n.d.
EtOH prod. 0.45 ± 0.02 0.42 ± 0.06 0.40 ± 0.05 0.45 ± 0.02 n.d. n.d.

The ethanol yield (YEtOH in g/g sugar) was determined for the complete fermentation profile which con-
cerned 48 hours for growth on 3 % D-glucose and 3 % D-xylose, and on 3 % D-xylose alone; and 25 hours 
on 3 % D-glucose alone. The ethanol production rate (QEtOH in g/gDW.hr) was determined during the first 
25 hours of the fermentations and the maximal ethanol productivity (in g/l.hr) was determined for 3 % 
D-glucose and 3 % D-xylose, 3 % D-xylose or 3 % D-glucose at time points 41, 41 and 25 hours, respec-
tively. 

*Hxt11 and Hxt11 N366T cells were grown on 7 % D-glucose and 3 % D-xylose (32).
n.d., not determined.

Supplemental Table 3. Oligonucleotides used in qPCR.

Name Sequence (5’  3’)
ActinF
ActinR
HXT1F
HXT1R
HXT2F
HXT2R
HXT3F
HXT3R
HXT4F
HXT4R
HXT5F
HXT5R
HXT7F
HXT7R
HXT8F
HXT8R 
HXT9F
HXT9R
HXT10F
HXT10R
HXT11F
HXT11R
HXT12F
HXT12R
HXT13F
HXT13R
HXT14F
HXT14R
HXT15F
HXT15R
HXT16F
HXT16R
HXT17F
HXT17R
GAL2F
GAL2R

GGATTCTGAGGTTGCTGCTTTGG
GAGCTTCATCACCAACGTAGGAG
TGTTCTCTGTACACCGTTGACCG
AGATCATACAGTTACCAGCACCC
CTTCGCATCCACTTTCGTG
AATCATGACGTTACCGGCAGCC
GAAGCTAGAGCTGCTGGTTCAGC
ACAACGACATAAGGAATTGGAGCC
ATGGAGAGTTCCATTAGGTCTAGG
ATAACAGCTGGATCGTCTGCGC
TTGCTATGTCGTCTATGCCTCTG
AGATAAGGACATAGGCAACGGG
GGGTGCTGCATCCATGACTGC
ACAACGACATAAGGAATTGGAGCC
GTACTACTATCTTCAAATCTGTCGG
CTTGTGACGCCAACGGAGGCG
CCATTGAGAGGTTTGGACGCCG
ACACAATCATACAGTTACCGGCG
GGAATGCAAGACTCTTTCGAGAC
CTAGTGACGCCAACGGTGGCG
GCCACTCAATGGAGAGTCGGC
CAACTAGCAAGGCTGGATCGTC
CACCATCTTCAAATCTGTCGGTC
CAATCATACAGTTACCGGCACCC
CCCTCATGGCCAGGACGGTC
TTGCCATAACCAGTTGCATGCAG
GCCTTAGTAGTGTACTGCATCGGT
TGATACGTAGATACCATGGAGCC
GAGGCCTGTGTCTCCATCGCC
CACAAGAATACCTGTGATCAAACG
CAAGGAAGTATAGTAATACTGCGC
TTGGCGATGGAGACACAGGCC
TAACACTGCACAATGGAGAGTCC
TGAGTACCCATGGATCCTCTGG
TCAATGGAGAGTTCCATTAGGGC
CTGGACGGCAGGATCCTCTGG

Supplemental Table 4. Oligonucleotides used in cloning and sequencing.

Name Sequence (5’  3’)
F HXT1 Xbai GCATTCTAGAATGAATTCAACTCCCGATCTAATATC
R HXT1 Cfr9i TGCATCCCGGGTTATTTCCTGCTAAACAAACTCTTGTA
F HXT2 Xbai GTCCTCTAGAATGTCTGAATTCGCTACTAGCCG
R HXT2 Cfr9i CATCGCCCGGGTTATTCCTCGGAAACTCTTTTTTCTTTTG
F HXT36 Bcui GCATACTAGTATGAATTCAACTCCAGATTTAATATCTC
R HXT36 BamHi ACGTGGATCCTTATTTGGTGCTGAACATTCTCTTGT
R HXT36 BamHI-stop CCATGGATCCTTTGGTGCTGAACATTCTCTTGTAC
F HXT4 Xbai GTCCTCTAGAATGTCTGAAGAAGCTGCCTATCAAG
R HXT4 RN Cfr9i TATCGCCCGGGTTAATTAACTGACCTACTTTTTTCCGA
F HXT5 Xbai GTCCTCTAGAATGTCGGAACTTGAAAACGCTCATC
R HXT5 Cfr9i GCATCCCGGGTTATTTTTCTTTAGTGAACATCCTTTTATA
F HXT7 Xbai GTCCTCTAGAATGTCACAAGACGCTGCTATTGCA
R HXT7 Cfr9i CATCGCCCGGGTTATTTGGTGCTGAACATTCTCTTG
F saci s promHXT7 ATCGTCTAGATCTCGTAGGAACAATTTCGGGCCC
R promHXT7 xbai AGTCTCTAGATTTTTGATTAAAATTAAAAAAACTTTTTGTTTTTG
F terHXT7 Bsu15i GCATATCGATTTTGCGAACACTTTTATTAATTCATGATC
R terHXT7 Sali GCATGTC GACGCAAGAACCATAATCCTCCTTTCTG
F HXT36 367NNN CGGTGTCGTCnnnTTCTTCTCTACTTGTTG
R HXT36 367NNN CAACAAGTAGAGAAGAAnnnGACGACACCG
F GFP BamHI AAAGGATCCATGGTGAGCAAGGGCGAGGAGC
R GFP ClaI AAAATCGATTTACTTGTACAGCTCGTCC

n is any nucleotide
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ABSTRACT

Aim: Optimizing D-xylose transport and consumption in Saccharomyces 
cerevisiae is essential for efficient utilization and cost-efficient cellulosic 
bioethanol production. 

Methods and Results: An evolutionary engineering approach was used 
to elevate D-xylose consumption in a xylose-fermenting S. cerevisiae 
strain carrying the D-xylose specific N367I mutation in the endogenous 
chimeric Hxt36 transporter. The strain carries a quadruple hexokinase 
deletion that prevents glucose utilization, and allows for the selection of 
improved growth rates on D-xylose in the presence of high D-glucose 
concentrations. 

Results: Evolutionary engineering resulted in improved D-xylose con-
sumption rates in the presence of D-glucose which could be attributed 
to improved D- xylose uptake via increased expression of a novel chi-
meric Hxt37 N367I transporter. Re-introduction of Hxk2 (and other 
hexokinases) in the evolved mutant restores D-glucose utilization how-
ever resulted in decreased D-glucose consumption rates as compared 
to the original strain. The evolutionary engineering lineage showed 
a progressive increase in D-xylose consumption concomitantly with 
decreased D-glucose consumption. Overall, there was net reduced 
sugar consumption and consequently reduced growth rates. How-
ever, D-glucose consumption, in medium containing only D-glucose, 
was not affected. The evolved strains showed the accumulation of 
trehalose-6-phosphate which inhibits hexokinase. RNA sequencing 
revealed increased expression levels of the trehalose pathway genes 
TPS1 and TSL1. Upon the deletion of TPS3 and TSL1, which is also part 
of the trehalose complex, in the evolved strain, the intra-cellular treha-
lose-6-phosphate concentration decreased significantly concomitantly 
with improved D-glucose consumption and growth. This yielded a strain 
with improved D-glucose and D-xylose co-consumption. 

Conclusions: Enhanced D-xylose transport results in an elevated 
rate of D- xylose consumption but this is accompanied by decreased 
D-glucose consumption rates that can be linked to elevated levels of 
trehalose- 6-phosphate in the cell. Trehalose-6-phosphate is an inhibitor 

of hexokinases. Deletion of the trehalose pathway regulators Tps3 or 
Tsl1 in this genetic background causes a significant increase in D-glucose 
consumption while maintaining high D-xylose transport and consump-
tion rates. 

Keywords: Sugar transport, D-xylose transporter, trehalose-6-phos-
phate, bioethanol, Yeast, glycolysis

INTRODUCTION

Bioethanol is a promising candidate as an alternative source of energy 
in an era of increasing fossil fuel deficit. Bioethanol is mostly used as 
blending agent with gasoline to cut down carbon monoxide and other 
smog-causing emissions. Traditional carbohydrate rich biomass from e.g., 
corn or wheat, can be fermented to make bioethanol. However this raises 
a separate conflict, the conflict between food and fuel as they share the 
same origin (1). This has stimulated research for alternative methods of 
producing bioethanol e.g., via the usage of lignocellulosic biomass to 
produce bioethanol. Lignocellulosic plant biomass, as a by-product of 
agriculture and forestry, contains a considerable amount of D-xylose 
along with D-glucose, in a typical mass ratio of 1:2 (4, 5). Saccharomyces 
cerevisiae can be used to make bioethanol from lignocellulosic plant bio-
mass however only upon the expression of a xylose reductase and xylitol 
dehydrogenase (Jeffries and Jin 2004; Hahn-Hagerdal et al. 2007; Young 
et al. 2011; Bera et al. 2011) or a xylose isomerase (10, 105). In this way, 
D-xylose consumption can be achieved. Xylose isomerase allows the 
interconversion between D-xylose and D-xylulose, the latter of which 
can be phosphorylated by the xylulose kinase Xks1, which has been 
overexpressed in engineered strains (105, 126, 154). The resulting D- 
xylulose-5-phosphate enters the pentose phosphate pathway (PPP) and, 
via glyceraldehyde-3-phosphate and fructose-6-phosphate, D-xylose 
catabolism is connected to glycolysis and subsequent ethanol fermenta-
tion. Although various mutations like e.g., the deletion of Gre3 (91, 155, 
156) have improved D-xylose consumption on solely D-xylose, transport 
of D-xylose into the cell, in the presence of D- glucose, remained a major 
hurdle in order to obtain co-consumption of D-glucose and D-xylose (70, 
106, 107). Due to these transport issues, xylose-fermenting S. cerevisiae 
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143INTRODUCTION MATERIALS AND METHODS

strains first consume D-glucose, before D-xylose is metabolized (106). In 
an industrial setting, it is preferred that both sugars are fermented simul-
taneously and at high rates (121) to generate an economically feasible 
and robust process. The preferred D-glucose consumption of S. cerevisiae 
is the direct result of the sugar specificities of the hexose transporters 
(Hxt) (36, 94). The hexose transporters are specific for D-glucose and 
their affinity for this sugar is, on average, a 100-fold higher compared to 
D-xylose (7, 106). This prevents efficient D-xylose transport in the pres-
ence of high(er) concentrations of D-glucose (56). Various approaches 
have been used to improve D-xylose transport including the introduction 
of specific D-xylose transporters derived from other organisms, but, 
in general, the D-xylose transport rates (Vmax) are insufficient to allow 
for maximal growth and rapid conversion rates (48, 53, 54, 70, 116). In 
recent studies D-xylose transport, in the presence of D-glucose, has 
improved dramatically based on the mutagenesis of endogenous Hxt 
transporters. This specifically concerns a conserved asparagine (at po-
sition 366, 376, 370 and 376, in Hxt11 (71), Hxt36 (72), Hxt7 (65) and 
Gal2 (Farwick et al. 2014; Verhoeven et al. 2018), respectively) which, 
when mutated, results in a reduced D-glucose affinity with little impact 
or even an improved affinity for D-xylose. D-xylose, unlike D-glucose, 
lacks the aldehyde group, and therefore still is able to bind. In a previous 
study (72) evolutionary engineering, of a D-glucose metabolism deficient 
strain (lacking all four hexokinases), was conducted where the yeast 
strain was selected for improved growth on D-xylose in the presence of 
high and inhibitory concentrations of D-glucose. In the evolved strain, 
D-xylose transport was desensitized for D-glucose inhibition because of 
a mutation of the asparagine 367 into an isoleucine or alanine. Although 
the required specificity gain was achieved, the maximal transport rate 
(Vmax) for D-xylose was decreased compared to the parental strain. Thus, 
the evolved hexokinase deletion strain (DS71054-evoB) showed a de-
creased growth rate on mineral medium containing 1 % D-xylose and 
10 % D-glucose as compared to 1 % D-xylose only (72).

Here we have employed further evolutionary engineering and site 
directed mutagenesis with the goal to obtain maximal growth rates on 
D-xylose in the presence of D-glucose. This resulted in a set of new 
evolved strains that show the desired phenotype, but that upon re- 
induction of hexokinases show reduced rates of D-glucose metabolism 
in co-fermentation experiments. The latter is due to the inhibition of 

hexokinases by the elevated levels of D-xylose entering the cell and 
the accumulation of trehalose-6-phosphate.

MATERIALS AND METHODS

YEAST STAINS, MEDIA AND CULTURE CONDITIONS

Xylose-fermenting S. cerevisiae strains used in this study were pro-
vided by DSM Bio-based Products & Services and described else-
where (Supplemental table 1). They are made available for academic 
research under a strict Material Transfer Agreement with DSM (contact: 
paul.waal-de@dsm.com). Aerobic chemostat cultures of S. cerevisiae for 
the evolutionary engineering were grown in mineral medium (MM) sup-
plemented with vitamin solution and trace elements (136) in a 500 ml 
working-volume laboratory fermenter at a temperature of 30 °C and 
pH 4.5 (Applikon, Schiedam, the Netherlands). The dissolved oxygen 
(DO) set point was 20 %, stirring was performed at 400 rpm and the 
OD600 was kept between 2–3 via CO2 off-gas measurements. Aerobic 
shake flask experiments were done at 200 rpm in mineral medium 
supplemented with 1 % D-xylose and 10 % D-glucose. In the fermen-
tation experiments (on 7 % D-glucose and 3 % D-xylose or solely 7 % 
D- glucose) a starting OD600 of 2.0 was used. Cell growth was monitored 
by optical density (OD) at 600 nm using an UV-visible spectrophotom-
eter (Novaspec PLUS).

ANALYTICAL METHODS

High performance liquid chromatography (Shimadzu, Kyoto, Japan) was 
performed using an Aminex HPX-87H column at 65 °C (Bio-RAD) and a 
refractive index detector (Shimadzu, Kyoto, Japan) was used to measure 
the concentrations of D-glucose, D-xylose, acetic acid and ethanol. The 
mobile phase was 0.005 N H2SO4 at a flow rate of 0.55 ml/min. The 
analysis of intracellular metabolites was performed with an Accella1250 
HPLC system using an Aminex HPX-87H column at 60 °C (Bio-RAD) 
coupled with the ES-MS Orbitrap Exactive (Thermo Fisher Scientific, 
CA, USA). The intracellular concentrations of glucose-6-phosphate, 
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ATP/ADP and NAD+/NADH were measured using the Glucose-6-Phos-
phate Assay Kit, the ATP Assay Kit and the NAD/NADH Quantitation 
Kit (all from Sigma-Alldrich, Zwijndrecht, The Netherlands), respectively 
and performed as described by manufacturer.

INTRACELLULAR METABOLITE EXTRACTION 

Cell free extracts of all strains complemented with Hxk2 and grown 
in MM containing 7 % D-glucose and 3 % D-xylose were isolated after 
12 hours using an ethanol boiling method (157) with minor changes. 
Cells were collected and quenched by adding 60 % methanol of −40 °C 
and snap-frozen at −80 °C. Each tube containing 1.5 mg dry weight cells 
was taken from the −80 °C freezer and 1 ml 75 % (v/v) boiling ethanol 
was added. Each tube was immediately vortexed and placed in a ther-
momixer (Eppendorf, Hamburg, Germany) at 95 °C. After 5 min each 
tube was stored in the −80 °C freezer. Further processing was done via 
evaporation and re-suspending the intracellular content in water and 
filtering through a 0.2 µm PTFE 13 mm syringe filter (VWR, Amsterdam, 
The Netherlands).

GENE DELETION

Strains were transformed with plasmid p414-KanMX-TEF1p-Cas9-
CYCt (76) to express Cas9. Expression of the CAS9 gene was ana-
lyzed using qPCR. Target and repair fragments were designed using 
www.yeastriction.com and the CRISPR/Cas9 protocol described was 
used (137). Oligonucleotides used for the gene deletions are listed in 
Supplemental Table 4.

TRANSPORT ASSAYS 

To determine the kinetic parameters of sugar transport, cells were grown 
for 16 hours in shake flasks in MM containing 2 % D-xylose or 2 % D- 
glucose and standard uptake procedure was followed as shown before 
(72). Uptakes were performed with [14C] D-xylose and [14C] D-glucose 

(ARC, USA) at 50 and 380 mmol l-1, respectively, with various inhibiting 
sugar concentrations. 

RNA EXTRACTION AND CDNA SYNTHESIS

Total RNA was isolated from S. cerevisiae cells by a glass-bead disruption 
Trizol extraction procedure and performed as described by manufacturer 
(Life Technologies, Bleiswijk, The Netherlands). Yeast pellets from 2 ml of 
exponential phase cell culture (OD600 of ~ 4) were mixed with 0.2 ml of 
glass beads (diameter 0.45 mm) and 900 μl of Trizol with 125 μl chloro-
form, and disrupted in a Fastprep FP120 (Thermo Savant) for 45 seconds 
at speed 6. The extracted total RNA (1 μg) was used to synthesize cDNA 
using the iScript cDNA synthesis Kit (Bio-rad, CA, USA). 

RNASEQ AND ANALYSIS

Total RNA of all strains, grown in MM containing 7 % D-glucose and 
3 % D-xylose, was isolated in duplicates after 7 hours. The RNA was 
prepared for sequencing using the QuantSeq 3’ mRNA-Seq Library Prep 
(FWD for Illumina) Kit (Lexogen, Vienna, Austria) and run on an Illumina 
HiSeq 2500 with single-read 100 bp read mode and V4 chemistry. The 
average number of reads per sample was 4,064,011 and was consistent 
in all samples. The FastQ files were run through a BowTie2-TopHat- 
SamTools pipeline and the resulting BAM files were analysed using 
SeqMonk V0.27.0. The CEN.PK113–7D strain was used as a reference 
genome. All genes were quantified in CPM (count per million) with a 
cut-off of 15 and run in an intensity difference statistical test in which 
a statistical difference of below 0.05 was used (p<0.05). 

GENOME SEQUENCING AND ANALYSIS

Genomic DNA of DS71054, DS71054-evoB, DS71054-evo4 and 
DS71054-evo6, all complemented with Hxk2, was isolated using the 
YeaStar TM Genomic DNA Kit (Zymo Research, Irvine, USA) and was 
sent to Eurofins Genomics (Ebersberg, Germany) for genomic library 
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preparation and paired end Illumina sequencing at a read length 
of 2 × 150 bp. For DS71054, DS71054-evoB, DS71054-evo4 and 
DS71054-evo6 on average 11 million reads were analysed with an 
fragment size of 150 bp of which approximately 70 % could be aligned 
to CEN.PK113–7D which was used as reference genome. The Breseq 
sequencing pipeline was used to detect mutations, indels and new 
junctions (158). 

RESULTS

EVOLUTIONARY ENGINEERING

The quadruple hexokinase deletion mutant DS71054-evoB strain was 
previously evolved using an evolutionary engineering approach to se-
lect for growth on D-xylose in the presence of gradually increasing 
D-glucose concentrations. This resulted in D-glucose-tolerant growth 
on D-xylose and the phenotype could be assigned to a mutation at 
position N367 in the endogenous chimeric Hxt36 transporter causing 
a defect in D-glucose transport while still allowing uptake of D- xylose 
(72). This strain was used as starting point for a new evolutionary 
engineering approach aiming to develop a strain that grows on D- 
xylose in the presence of D-glucose at maximum growth rates. Herein, 
cells were grown aerobically in a chemostat on 1 % D-xylose in the 
presence of 10 % D-glucose. In this set-up the aerobic growth rate 
equals the dilution rate which on D-glucose ranges between 0.40 h-1 
(159) and 0.49 h-1 (160) depending on medium composition and strain 
background. The growth rate on D-xylose is lower as compared to D- 
glucose (reviewed by Moysés et al. 2016) while the original hexokinase 
deletion strain DS71054 shows hardly any growth on 1 % D-xylose in 
the presence of 10 % D-glucose (72). At the start of the evolutionary 
engineering of DS71054-evoB, the dilution rate was set at 0.14 h-1, but 
increased gradually to 0.33 h-1 within a period of three months (Sup-
plemental Figure 1). Throughout the evolutionary engineering, samples 
were taken and re-streaked on mineral medium plates containing 1 % 
D-xylose and 10 % D-glucose. Single colony isolates were obtained 
after 31, 52, 68 and 85 days and named DS71054-evo3, DS71054-
evo4, DS71054-evo5 and DS71054-evo6, respectively. The improved 

D-xylose growth rates of these strains in the presence of D-glucose 
were confirmed in shake flasks wherein DS71054 was unable to growth 
while the evolved strains showed gradually increased growth rates 
depending on the stage of the evolutionary engineering (Figure 1). 
DS71054-evo5, however, showed very inconsistent growth rates in 
MM containing 1 % D-xylose and 10 % D-glucose or on 1 % D-xylose 
alone and was not used for further analysis. The other three evolved 
strains (DS71054-evo3, DS71054-evo4 and DS71054-evo6) showed 
identical growth rates on MM containing only 1 % D-xylose (data not 
shown). The improved growth rates of DS71054-evo6 on 1 % D-xylose 
in the presence of 10 % D-glucose almost equalled the growth rates on 
solely 1 % D-xylose (Figure 1. inset). DS71054-evo6 showed a tendency 
to flocculate especially on MM containing D- glucose. Dry-weight (DW) 
analysis showed equal OD600/mgDW ratios for the DS71054 compared 

Figure 1. Growth (OD600) of the DS71054 hexokinase deletion strain () and 
the evolved derivatives DS71054-evoB (), DS71054-evo3 (), DS71054-
evo4 () and DS71054-evo6 () in mineral medium supplemented with 1 % 
D-xylose and 10 % D-glucose. Inset shows the growth (OD600) of DS71054-
evo6 on 1 % D-xylose and 10 % D-glucose () and solely 1 % D-xylose (). Er-
ror bars were obtained from biological triplicates.
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to DS71054-evo6 (data not shown) to confirm that in further experi-
ments the normalization based on OD600 was not affected. 

IMPROVED D-XYLOSE UPTAKE IN EVOLUTIONARY EVOLVED 
STRAINS

D-xylose uptake experiments were performed to investigate if the 
improved growth rates of the evolved DS71054 strains could be con-
tributed to an elevated rate of D-xylose uptake and/or improved insensi-
tivity towards D-glucose. D-xylose uptake rates, as measured at 50 mM 
D- xylose, were however almost identical for DS71054, DS71054-evoB, 
DS71054-evo3 and DS71054-evo6 (15.6 ± 0.8, 15.4 ± 1.1, 13.6 ± 0.2 and 
16.0 ± 1.3 nmol/mgDW.min, respectively) (Figure 2). Next, the sensitivity 
of D-xylose uptake to D-glucose was analysed with 50 mM D-xylose 

Figure 2. D-xylose uptake in DS71054 (), DS71054-evoB (), DS71054-
evo3 () and DS71054-evo6 (). Uptakes (in nmol/mgDW.min) were per-
formed with 50 mM D-xylose and various concentrations of D-glucose (0, 50, 
100, 200 and 500 mM). Errors are the standard deviation of two independent 
experiments.

and increasing D-glucose concentrations. Now, the DS71054-evo6 
strain showed significant improved D-xylose uptake in the presence of 
high concentrations of D-glucose as compared to DS71054-evoB and 
DS71054-evo3 (Figure 2) and these data correlate with the improved 
growth rates on D-xylose in the presence of high concentrations of 
D-glucose (Figure 1). 

To identify the possible targets responsible for the glucose tolerant 
D-xylose uptake, all expressed HXT transporters of DS71054-evo3, 
DS71054-evo4 and DS71054-evo6 were sequenced. In none of the 
expressed Hxt transporters mutations were identified, while the ampli-
fication of HXT7 failed in DS71054-evo6. Further analysis revealed that 
in DS71054-evo6 HXT36 was fused to HXT7 at position 1209 creating a 
novel chimer HXT37, explaining also the failed amplification of HXT7 in 
DS71054-evo6. The rearrangements from HXT3 to HXT36 and to HXT37 
are most likely based on a fragment of 240 bp which is 100 % conserved 
in all three transporters. HXT37 differs from HXT36 at 3 base-pairs 
(T1623C, G1657A and T1668C) of which only one causes an amino acid 
change (A555T). The isoleucine mutation at position 367, responsible for 
the decreased D-glucose affinity in Hxt36, remained unaltered (Figure 3). 
In order to determine if Hxt37 N367I is responsible for the improved 
D-xylose uptake in DS71054-evo6, uptake experiments were performed 
using the hexose transporter deletion strain DS68625 overexpressing 
Hxt36 N367I (72) and Hxt37 N367I. In both strains D-xylose uptake 
was measured in the presence of various concentrations of D-glucose, 

Figure 3. Genomic localization on chromosome IV of HXT3, HXT6 and HXT7 in 
S. cerevisiae S288C and the rearrangements in DS71054, DS71054-evoB and 
DS71054-evo6 including (in red) the asparagine to isoleucine mutation at posi-
tion 367. The inset shows the homology on DNA level of the Hxt transporters.
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however, no differences in uptake characteristics were observed be-
tween both chimeras (Supplemental Figure 2).

COMPLEMENTATION WITH HXK2 

In order to investigate if the improved D-xylose uptake and consumption, 
would remain under D-glucose consuming conditions in the evolved 
strains, the hexokinase Hxk2 of S. cerevisiae was re-introduced via ex-
pression on the low-copy plasmid pRS313-P7T7 in the DS71054 strain 
and all evolved strains. Hxk2 complemented strains were grown anaer-
obically in MM containing 7 % D-glucose and 3 % D-xylose. Under these 
conditions, D-xylose consumption by the DS71054-evo6-Hxk2 strain 
remained improved as compared to the DS71054-Hxk2 strain. Further-
more, D-xylose consumption (in g/l) followed the evolutionary engi-
neering experiment in which D-xylose consumption, in the presence of 
D-glucose consumption, was improved, i.e., DS71054-Hxk2 < DS71054-
evoB-Hxk2 < DS71054-evo3-Hxk2 < DS71054-evo4-Hxk2 < DS71054-
evo6-Hxk2 (Supplemental Figure 3B). Under the co-fermentation condi-
tions, the D-glucose consumption (in g/l) decreased concomitantly with 
the improved D-xylose consumption (Supplemental Figure 3A) causing 
an overall decreased growth rate in MM containing 7 % D- glucose and 
3 % D-xylose. The sugar consumption rates, corrected for the biomass 
(in mmol/gDW.hr), were calculated yielding a stable total sugar con-
sumption, of both sugars, in the DS71054-Hxk2 strain and all evolved 
mutants which on average amounts to 2.8 ± 0.4 mmol/gDW.hr (Figure 4).
The absolute D-xylose consumption rate (in mmol/l.h) was also improved 
whereas the D-glucose consumption rate reduced resulting in decreased 
absolute total sugar consumption rates (in mmol/l.h) (Supplemental Fig-
ure 9E). The same anaerobic fermentation was performed in MM contain-
ing solely 7 % D-glucose, and this showed similar D-glucose consumption 
(in g/l) for all strains (Supplemental Figure 4). The D- glucose consump-
tion rates for the DS71054-Hxk2 strain and all evolved mutants was 
2.7 ± 0.4 mmol/gDW.hr (Figure 4, ) and comparable with the total sugar 
consumption rates in MM containing 7 % D-glucose and 3 % D- xylose. 
This shows that D-glucose metabolism is in principle not affected in the 
evolved strains, and suggests that reduced D-glucose consumption in 
the evolved strains is connected to the improved D- xylose consumption.

To exclude that the decreased D-glucose consumption in the 
Hxk2-complemented evolved strains is caused by a reduction in the 
D-glucose uptake, D-glucose uptake experiments were performed. All 
strains showed identical rates of D-glucose uptake at 380 mM D-glucose 
(data not shown). Furthermore, D-glucose uptake experiments in the 
presence of D-xylose were performed using 380 mM 14C D-glucose (7 %) 
and 200 mM D-xylose (3 %) to mimic the conditions of D-glucose uptake 
in the Hxk2 complementation experiments. Within the experimental 
error, the rates of D-glucose uptake in the presence of D-xylose were 
not decreased (Supplemental Figure 5). Therefore, these data suggest 
that the reduced D-glucose consumption in the Hxk2-complemented 
evolved strains is not due to a deficiency or altered specificity of D- 
glucose uptake.

Figure 4. Anaerobic D-glucose (), D-xylose () and total sugar () consump-
tion rates (in mmol/gDW.hr) of the DS71054 hexokinase deletion strain and 
the evolved derivatives DS71054-evoB, DS71054-evo3, DS71054-evo4 and 
DS71054-evo6, all complemented with the HXK2 gene, in mineral medium 
supplemented with 7 % D-glucose and 3 % D-xylose. Depicted also is the 
D-glucose consumption rate on mineral medium supplemented with solely 7 % 
D-glucose () in the aforementioned strains complemented with the HXK2 
gene. Error bars were obtained from biological triplicates.
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TRANSCRIPTOMICS ANALYSIS

The D-glucose concentration regulates many processes in S. cerevisiae 
(Reviewed by Gancedo 2008 and Kayikci and Nielsen 2015) and the 
aforementioned phenotypes of the evolved strains might be due to an 
altered transcriptional response towards D-glucose. The transcriptional 
analysis was performed with the evolved strains complemented with 
Hxk2 to restore the glucose metabolism. In order to keep the differences 
in extracellular D-glucose concentrations low, the strains were grown 
anaerobically in MM containing 7 % D-glucose and 3 % D-xylose for only 
7 hours. The remaining D-glucose concentration after 7 ranges between 
5.4 and 4.2 % in DS71054-evo6 and DS71054, respectively. The total 
3’ mRNA was sequenced in duplicate and the fold changes (FC) were 
determined comparing the DS71054-Hxk2 strain with DS71054-evo6-
Hxk2. In comparison, 169 genes were at least 3-fold up-regulated (Sup-
plemental Table 2) and 31 genes were at least 3-fold down- regulated 
(Supplemental Table 3) in DS71054-evo6-Hxk2 as compared to the 
DS71054-Hxk2 strain. Flo1, a lectin-like protein involved in floccula-
tion, shows a major up-regulation (55.5x FC) and is only upregulated 
in DS71054-evo6-Hxk2, explaining the flocculating phenotype. In the 
genome database of CEN.PK113–7D, the predecessor of the DS71054 
lineage, Flo1 is missing (124). And a similar conclusion was made in a 
recent study (164) but here Flo1 was annotated as A0096W, which is 
located on chromosome 1 and which shows about 80 and 81 % identity 
with Flo1 on DNA and protein level, respectively. Upon deletion of 
Flo1 (or A0096W) in the DS71054-evo6 strain flocculation was abol-
ished (data not shown). However, the phenotype of improved D-xylose 
consumption in the presence of D-glucose was not altered (data not 
shown). Three glycolytic proteins also show upregulation in all evolved 
DS71054-Hxk2 strains: Pgk1, the 3-phosphoglycerate kinase, Tpi1, 
the triose phosphate isomerase, and Adh1, an alcohol dehydrogenase. 
In the DS71054-evo6-Hxk2, the fold-change is 13.2, 13.1 and 9.9 for 
Pgk1, Tpi1 and Adh1, respectively. 

Importantly, in the DS71054-evo6-Hxk2 strain, the Hxt family shows 
a remarkable down-regulation: Hxt1 (88-fold), Hxt7 (17-fold) and Hxt2 
(6.9-fold). The apparent down-regulation of Hxt7 in DS71054-evo6-
Hxk2 is due to the formation of the chimeric Hxt37. On the other hand, 
the Hxt37 N367I mutant is upregulated 2.2-fold in DS71054-evo6-Hxk2 

as compared to the DS71054-Hxk2 strain. Overall, the Hxt transporter 
landscape in DS71054-evo6-Hxk2, is severely altered leaving only two 
highly expressed sugar transporters in DS71054-evo6-Hxk2, i.e., Hxt37 
N367I and Hxt4 (Supplemental Figure 6). These results suggest that the 
improved D-xylose consumption is caused by increased expression of 
Hxt37 N367I but also reduced D-glucose flux via the down-regulation 
of Hxt1 and Hxt2 and deletion of Hxt7.

The counts of reads mapping to each known gene were summarised 
in CPM (count per million) 

GENOME ANALYSIS

To further identify the genotypic changes in the evolved strains, genome 
sequencing was performed. This revealed 50 coding mutations in the 
DS71054 strain as compared to CEN.PK113–7D (124) of which 36 
cause an amino acid change. DS71054 was used as a new reference to 
analyse the mutations in DS71054-evoB, DS71054-evo4 and DS71054-
evo6. In DS71054-evoB the N367I mutation was first introduced and 
remained unaltered in DS71054-evo4 and DS71054-evo6. Some muta-
tions in DS71054-evo4 were lost in DS71054-evo6 and were therefore 
considered as not relevant for the altered phenotype. An interesting 
mutation (G369S) in DS71054-evo4 (Table 1) was observed in Pbs2 
which encodes a Mitogen-Activated Protein Kinase Kinase (MAPKK), an 
scaffold protein integral to the osmoregulatory HOG (High-osmolarity 
glycerol) signalling pathway which affects gene expression (165). Dele-
tion of Hog1, as well as Pbs2, severely decreased the Hxt1 expression 
level (166) which could link the G369S mutation in Pbs2 to reduced 
expression of Hxt1 in DS71054-evo4. Furthermore, Pbs2 in DS71054-
evo6 obtained another mutation (Q60stop) mutation causing a deletion 
of Pbs2 therefore significantly lowering the expression level of Hxt1. 
The other mutations observed in DS71054-evo4 and DS71054-evo6 
could contribute to the phenotype as well however no direct evidence 
was found that these genes influence the expression of the hexose 
transporter landscape or glycolysis (Table 1).
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INTRACELLULAR METABOLITES AND TREHALOSE-6-
PHOSPHATE ACCUMULATION

In order to find the molecular basis for the decreased D-glucose con-
sumption under co-consuming conditions in DS71054-evo6-Hxk2 the 
intracellular concentrations of ATP, NAD(H), glucose-6-phosphate, tre-
halose and trehalose-6-phosphate were measured. All intracellular me-
tabolites were isolated from cells grown for up to 12 hours in MM con-
taining 7 % D-glucose and 3 % D-xylose. A minor elevation of ATP levels 
was observed in DS71054-evo6-Hxk2 as compared to DS71054-Hxk2 

Table 1. Mutations in coding regions in DS71054-evoB, DS71054-evo4 and 
DS71054-evo6 versus DS71054. Depicted in bold the Hxt36/37 N367I mu-
tation and underlined the mutations in Pbs2 in DS71054-evo4 and DS71054-
evo6.

DS71054-evoB

gene mutation annotation

HXT36 N367I Low affinity glucose transporter

PHO12 Q354K acid phosphatases

DS71054-evo4

gene mutation annotation

HXT36 N367I Low affinity glucose transporter

SPC3 V42A Subunit of signal peptidase complex

PBS2 G369S MAP kinase kinase of the HOG signaling pathway

URA2 F1447L Bifunctional carbamoylphosphate synthetase

WSC4 T229I Endoplasmic reticulum (ER) membrane protein

SUP35 Q70L Translation termination factor eRF3; mRNA deadenylation

DS71054-evo6

gene mutation annotation

Hxt37 N367I Low affinity glucose transporter

SPC3 V42A Subunit of signal peptidase complex

PBS2 Q60* MAP kinase kinase of the HOG signaling pathway

URA2 F1447L Bifunctional carbamoylphosphate synthetase

MAL11 S317Y High-affinity maltose transporter

RRP8 Q148K Nucleolar rRNA methyltransferase

AQY1 I99T Spore-specific water channel

SRP102 D117N Signal recognition particle (SRP) receptor

GFD2 insA (791nt) Protein of unknown function

MKT1 A297S Protein that forms a complex with Pbp1p

Telomer (cm001533) R103Q hypothetical protein

Telomer (cm001533) F38S hypothetical protein

Telomer (cm001533) D43E hypothetical protein

increasing 1.9 ± 0.21 and 1.56 ± 0.34 fold after 2 and 4 hours, respec-
tively (data not shown). The NAD level was 1.68 ± 0.33 fold increased 
in DS71054-evo6-Hxk2 compared to DS71054-Hxk2 whereas the 
NADH/NAD ratio increased almost 2 times in DS71054-evo6-Hxk2. 
However, the NADH/NAD ratios were not consistently altered in the 
other evolved DS71054-Hxk2 strains (data not shown). No differ-
ence in intracellular glucose-6-phosphate concentration was observed 
in DS71054-evo6-Hxk2 as compared to DS71054-Hxk2 (data not 
shown). However, the trehalose concentration both extracellular and 
intracellular were increased in DS71054-evo6-Hxk2 compared to 
the DS71054-Hxk2 strain but also, to a lesser extent, increased in 
all evolved DS71054-Hxk2 strains (Supplemental Figure 7A and 7B). 
The increase in trehalose could be the result of an increased treha-
lose-6-phosphate concentration which inhibits the hexokinase (167). 
LC-MS was used to analyse the trehalose-6-phosphate concentration in 
the strains. The amount of trehalose-6-phosphate was normalized using 
the total ion count (TIC) of the isolated intracellular content. DS71054-
evo6-Hxk2 showed significantly increased level of trehalose-6-phos-
phate (977 ± 80 ppm) compared to DS71054-Hxk2 (15.6 ± 0.6 ppm), and 
also in the other evolved strains the trehalose-6-phosphate concen-
tration increased (Supplemental Figure 8) but again not to the same 
extent as in DS71054-evo6-Hxk2. These data fit with the RNA-seq 
observations which show an up-regulation of various genes of the 
trehalose pathway. In DS71054-evo6-Hxk2, compared to DS71054-
Hxk2, Tps1, Tps2, Tsl1 and Nth1 were upregulated 3.7, 1.2, 2.7 and 
5.4 times, respectively (data not shown). Since trehalose-6- phosphate 
is an inhibitor of hexokinase, these results suggest that the reduced 
D-glucose consumption under co-metabolism conditions might be due 
to the accumulation of trehalose-6-phosphate. 

COMPLEMENTATION WITH ALTERNATIVE HEXOKINASES

In vitro studies have shown that Hxk2 activity, via irreversibly inacti-
vation through an auto phosphorylation mechanism, is inhibited by D- 
xylose. In the presence of Mg-ATP decreased activity was observed (168, 
169). Furthermore, Hxk2 is known to be inhibited by trehalose-6-phos-
phate (167) and therefore D-glucose consumption could be stalled by 
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accumulation of trehalose-6-phosphate. In order to prevent inhibition 
of glycolysis at the level of Hxk2, various hexokinases, and mutants 
thereof, were over-expressed in the DS71054 strain and the evolved 
lineage and fermented in MM containing 7 % D-glucose and 3 % D- 
xylose. Complementation of DS71054 with Hxk1 of S. cerevisiae yielded 
slightly decreased D-glucose consumption rates (in mmol/l.h) as com-
pared to Hxk2, and only minor improvement in glucose consumption 
was observed in DS71054-evo6-Hxk1 as compared to DS71054-Hxk1 
(Supplemental Figure 9A). Complementation by Glk1 in all strains was 
less efficient as compared to Hxk2 (Supplemental Figure 9E). The Hxk2 
mutant (Hxk2-Y), in which phenylalanine at position 159 was mutated 
to tyrosine (170), has been suggested to be less sensitive to D-xylose 
inhibition. The DS71054-evo6 strain expressing the Hxk2-Y mutant 
showed a slightly lower glucose consumption rate in the various strains 
but a similar decline in D-glucose consumption rate was evident in the 
evolved DS71054 strains (Supplemental Figure 9C) as compared to 
Hxk2 (Supplemental Figure 9E). For the Hxk2-Y mutation, still a major re-
duced activity (of 40 %) was reported upon addition of D- xylose (170). A 
apparent trehalose-6-phosphate insensitive hexokinase from Schizosac-
charomyces pombe (171, 172) was codon optimized and over-expressed 
in the DS71054 lineage. Most likely due to RNA or protein instability 
or low activity in S. cerevisiae, spHxk2 when expressed in DS71054 
showed significantly reduced D-glucose consumption rates (~40 %) 
compared to scHxk2. Expression of spHxk2 in the DS71054 lineage, 
showed the same decrease in D-glucose consumption rate as with 
Hxk2 (Supplemental Figure 9D). Overall, the alternative hexokinases 
performed less well than Hxk2, and showed no major improvement 
in D-glucose consumption rate in the DS71054 lineage when cells 
were grown under sugar co-fermentation conditions. Conclusively, all 
alternative hexokinases either showed the same D-xylose inhibiting 
phenotype or showed a significantly lower activity compared to Hxk2. 

GENETIC INACTIVATION OF THE TREHALOSE PATHWAY 

Since expression of alternative hexokinases did not improve D- glucose 
consumption, the trehalose pathway was targeted for deletions in 
DS71054-evo6. Comparable to other studies (Bell et al. 1992; Bonini 

et al. 2003; Jules et al. 2008), deletion of Tps1, the trehalose-6-phos-
phate synthase, yielded strains unable to growth on D-glucose, most 
likely due to substrate accelerated death in which all D-glucose is in-
stantly converted to glucose-6-phosphate therefore lowering the ATP 
levels instantaneously. Growth on D-xylose was unaltered (data not 
shown). Deletion of Tps2, the trehalose-6-phosphatephosphatase, has 
been reported to result in a temperature sensitivity phenotype and 
a coplete loss of trehalose-6-phosphate phosphatase activity (175). 
The deletion of Tps2 in DS71054-evo6-ΔFlo1-Hxk2 yielded unaltered 
D-xylose consumption rates, but D-glucose consumption was still de-
creased as compared to the parental DS71054-Hxk2 strain (data not 
shown). Next to Tps1 and Tps2, the trehalose enzymatic complex has 
two partially redundant subunits, Tps3 and Tsl1, that fulfil a structural 
and/or regulatory role (Bell et al. 1992; Reinders et al. 1997; Trevisol 
et al. 2014). Although there is no direct interaction between Tps3 and 
Tsl1, both interact with Tps1 and Tps2 (177). Whereas the deletion 
of Tps1 and Tps2 decreased the D-glucose consumption, deletion of 
Tsl1 in DS71054-evo6-ΔFlo1-Hxk2 resulted in significantly improved 

Figure 5. Anaerobic D-glucose (grey bars) and D-xylose (white bars) consump-
tion rates (in mmol/l.hr) in DS71054-evo6-ΔFlo1, DS71054-evo6-ΔFlo1-
ΔTps3 and DS71054-evo6-ΔFlo1-ΔTsl1 complemented with the HXK2 gene 
(in 7 % D-glucose and 3 % D-xylose). Error bars were obtained from biological 
duplicates.
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D-glucose consumption rates and improved growth on MM containing 
7 % D-glucose and 3 % D-xylose. Furthermore, the DS71054-evo6-
ΔFlo1-ΔTsl1-Hxk2 strain also showed an increased D-xylose con-
sumption (Figure 5). Deletion of Tps3 also caused improved D-glucose 
consumption but not as pronounced as the deletion of Tsl1 (Figure 5). 
When normalized for the biomass, improved D-glucose consumption 
rates (in mmol/gDW.h) were observed (data not shown). Whereas the 
single deletions of Tsl1 and Tps3 increased the D-glucose consump-
tion rate, the double deletion of Tps3 and Tsl1 in the DS71054-evo6-
Hxk2-ΔFlo1 yielded a marked decrease in the consumption rate of 
both D-glucose and D-xylose (data not shown). In contrast, the Tsl1 

Figure 6. Intracellular trehalose-6-phosphate in the DS71054 hexokinase de-
letion strain (ori) and the evolved derivative DS71054-evo6 and deletion mu-
tants of the trehalose pathway, all complemented with the HXK2 gene. The 
strains were grown anaerobically in mineral medium supplemented with 7 % 
D-glucose and 3 % D-xylose or 7 % D-glucose (underlined). The intracellular 
concentration was measured after 12 hours and was normalized for the total 
intracellular content. Error bars were obtained from biological  duplicates.

and Tps3 deletions in the DS71054-Hxk2 strain showed unaltered 
consumption rates for D-glucose and D-xylose (data not shown). To 
investigate if the increased D-glucose consumption rates in DS71054-
evo6-Hxk2-ΔFlo1-ΔTps3 and DS71054-evo6-Hxk2-ΔFlo1-ΔTsl1 is due 
to reduced trehalose-6-phosphate levels, the intracellular metabolites 
of all strains were isolated after 12 hours of anaerobic growth in MM 
containing 7 % D-glucose and 3 % D-xylose. No marked accumulation of 
trehalose-6-phosphate was observed in DS71054-Hxk2 and DS71054-
Hxk2-ΔTsl1, while the trehalose-6-phosphate level increased 57 and 
53 fold in DS71054-evo6-Hxk2 and DS71054-evo6-Hxk2-ΔFlo1, re-
spectively (Figure 6). Surprisingly the trehalose-6-phosphate levels in 
DS71054-evo6-Hxk2-ΔFlo1 grown anaerobic in MM containing no 
D-xylose and only 7 % D-glucose showed similar levels as compared 
to DS71054-Hxk2 fitting also the similar growth rates of both strains 
on only D-glucose (Supplemental Figure 4). This shows the direct inhi-
bition of D-xylose metabolism on the trehalose-6-phosphate level and 
therefore on D-glucose consumption in DS71054-evo6-Hxk2-ΔFlo1. 
Deletion of Tps3 and Tsl1 in DS71054-evo6-Hxk2-ΔFlo1 decreased the 
trehalose-6-phosphate levels significantly suggesting that the improved 
D-glucose consumption in both strains is indeed due to a reduced 
inhibition of Hxk2 (Figure 6). Furthermore, the acetic acid production 
in the DS71054-evo6-ΔTsl1-Hxk2 strain was significantly decreased 
as compared to the parental DS71054-Hxk2 strain. However, it must 
be noted that also DS71054-evo6-Hxk2 shows decreased acetic acid 
production (Supplemental Figure 10). The decreased acetic acid pro-
duction could be the resultant of glucose-6-phosphate accumulation in 
DS71054-evo6-Hxk2 since glucose-6-phosphate could be redirected 
into the oxidative pentose phosphate pathway in which glucose-6- 
phosphate is converted into ribulose-5-phosphate that subsequently 
enters the pentose phosphate pathway. In these conversions NADPH 
is produced and we speculate that therefore the production of NADPH 
via Ald6, which converts acetaldehyde into acetic acid with concomitant 
NADPH production, is no longer needed. However, the expression 
levels of the genes involved in both pathways, the oxidative pentose 
phosphate pathway and Ald6, remain unaltered in DS71054-evo6-
Hxk2 as compared to DS71054-Hxk2 (data not shown). Conclusively, 
the trehalose-6-phosphate data suggest that, next to the inhibition on 
Hxk2 by D-xylose, also the accumulation of trehalose-6-phosphate 
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in DS71054-evo6-Hxk2 inhibits Hxk2 and therefore the D-glucose 
consumption which can be partially be overcome by the deletion of 
either Tps3 or Tsl1.

DISCUSSION

The use of lignocellulosic biomass for ethanol production is a prom-
ising technology for the additional supply of energy from renewable 
and non-food resources. The main hurdle to overcome is the efficient 
co-fermentation of hexoses and pentoses since transport rates for pen-
toses in general, and D-xylose in particular, are insufficient. In recent 
studies, strains lacking all hexokinases have been used to improve the 
D-xylose specificity of the hexose transporters, and most significant 
results were obtained by mutation of a conserved asparagine in trans-
membrane segment 8 (Nijland et al. 2014; Farwick et al. 2014; Shin et 
al. 2015). This mutation reduces or even abolishes D-glucose transport, 
while having little impact on the D-xylose transport affinity. However, a 
major caveat with the mutation is that it reduces the D-xylose transport 
rate, whereas high rates are required for efficient D-xylose utilization. 
To elevate the D-xylose transport rate, we have conduced further evo-
lutionary engineering of the hexokinase deletion strain DS71054-evoB 
that contains the N367I mutation in the chimeric Hxt36 transporter 
(72). More stringent conditions were imposed to allow these cells to 
grow with high rates on D-xylose in the presence of D-glucose and 
this yielded the DS71054-evo6 strain which shows growth rates on 
D-xylose in the presence of a 10-fold concentration of D-glucose nearly 
identical to the growth rate on solely D-xylose. Transcriptome and ge-
nomic analysis demonstrates that in this strain the transporter landscape 
has been altered quite dramatically. First, Hxt36 was converted into 
Hxt37 N367I. Although the uptake characteristics remained unaltered, 
Hxt37 N367I showed increased expression and led to the deletion of 
the D-glucose transporter Hxt7. Possibly, this fusion also leads to a 
more stable expression of the Hxt37 protein making it less sensitive to 
glucose repression. Due to mutations in Pbs2 in DS71054-evo4 and 
DS71054-evo6 the expression of Hxt1 is severely decreased. Although 
the remaining hexose transporters Hxt2, with also reduced expression 
levels, and Hxt4 still allow for maximal growth rates on solely D-glucose, 

the intracellular D-glucose concentration could be affected. In this re-
spect, it should be noted that the expression of a single Hxt transporter 
is sufficient to sustain maximal growth rates on D-glucose (94, 95, 152).

Next, we restored D-glucose metabolism in the lineage of evolved 
DS71054 strains by re-introduction of the hexokinase Hxk2. Whereas, 
the strains showed identical growth on D-glucose alone, the D-glucose 
consumption rate decreased progressively within the lineage when 
cells were grown on both D-xylose and D-glucose. This phenomenon 
does not appear to be directly linked to alterations in the transporter 
landscape. D-glucose transport in these strains was not affected while 
D- glucose had little effect on D-xylose transport likely because of the 
N367I mutation in Hxt37. Transcriptome data on cells grown on 7 % 
D-glucose and 3 % D-xylose, showed no major down-regulation of genes 
involved in glycolysis or the TCA-cycle. In the DS71054-evo6-Hxk2 
strain, the total sugar consumption rate corrected for the biomass (in 
mmol/gDW.h) remained unaltered (Figure 4) as compared to the parental 
DS71054-Hxk2 strain, but the distribution of the flux improved dramat-
ically in favour of D-xylose consumption. In culture, however, the sugar 
consumption rate (in mmol/l.h) decreased and thus a decreased growth 
rate was observed under conditions that an increased share of the sugar 
flux concerns D-xylose consumption (Supplemental Figure 8E). D-xylose 
enters glycolysis via the overexpressed pentose phosphate pathway, in 
the form of fructose-6-phosphate and glyceraldehyde-3-phosphate in 
a ratio of 2:1. Fructose-6-phosphate can be further metabolized but it 
can also be converted into glucose-6-phosphate via the bidirectional 
phosphoglucose isomerase (Pgi1) (Figure 7). Although in the DS71054-
Hxk2 lineage no significant accumulation of glucose-6-phosphate or 
fructose-6-phosphate was observed (data not shown), high levels of 
trehalose-6-phosphate were observed. Glucose-6-phosphate can be 
converted in trehalose-6-phosphate which, in a futile cycle, can be 
converted into trehalose which, via the neutral trehalose, can subse-
quently be converted into D-glucose. Phosphorylation of the glucose 
then leads to a futile cycle in which ATP is consumed. The accumulation 
of intracellular trehalose-6-phosphate in the DS71054-Hxk2 lineage fits 
well with the RNA-seq data showing the upregulation of Tps1 and the 
regulatory subunit Tsl1. Accumulation of trehalose-6-phosphate is an 
inhibitor of Hxk2 (167, 178). Thus the accumulation of this metabolite 
may inhibit glucose metabolism in the evolved strains hence giving a 
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preference for D-xylose metabolism. To prevent accumulation of tre-
halose-6-phosphate in the evolved strains, Tps1, Tps2, Tps3 and Tsl1 
were deleted in DS71054-evo6-ΔFlo1-Hxk2. Deletion of Tps1 led to 
a growth defect on D-glucose in agreement with earlier reports (Bell 
et al. 1992), probably because of substrate accelerated death in which 

Figure 7. Schematic view of the DS71054-evo6 strain co-consuming D-glu-
cose and D-xylose. D-glucose is transported into the cell via Hxt2 and Hxt4. 
Hxt37 N367I transports solely D-xylose. The metabolism of D-glucose is me-
diated via the enzymes hexokinase (Hxk2) and glucose-6-phosphate isom-
erase (Pgi1) to yield fructose-6-phosphate which is further converted in the 
glycolytic pathway into ethanol. Accumulation of glucose-6-phosphate leads 
to accumulation of trehalose-6-phosphate which inhibits Hxk2 therefore de-
creasing the glycolysis rate. Furthermore Hxk2 can be inhibited by accumula-
tion of D-xylose in the presence of MgATP. 
The conversion of D-xylose into xylulose is in S. cerevisiae possible via the 
introduction of xylose isomerase (pirXI), followed by the phosphoryla-
tion of xylulose into xylulose-5-phosphate by xylulose kinase (Xks1). Xylu-
lose-5-phosphate enters the pentose phosphate pathway to eventually yield 
fructose-6-phosphate and glyceraldehyde-3-phosphate (GAP) that can be 
converted into  ethanol. 

all ATP is consumed to produce glucose-6-phosphate from glucose. The 
deletion of Tps2 led to a severe growth defect as shown before (175, 
179). However, deletion of Tsl1, and also Tps3, in DS71054-evo6-ΔFlo1-
Hxk2 resulted in improved D-glucose consumption rates when cells are 
grown on MM containing 7 % D-glucose and 3 % D-xylose (Figure 6). 
Subsequently, due to improved biomass formation, also the D-xylose 
consumption rate improved. Indeed, deletion of Tsl1 and Tps3 resulted 
in reduced trehalose-6-phosphate levels in the cells. We hypothesize 
that, in the Tsl1 and Tps3 deletion strains, the glucose-6-phosphate is 
not channelled into trehalose-6-phosphate enters the oxidative part 
of the pentose phosphate pathway in which NADPH is produced. This 
could explain the decreased acetic acid production in DS71054-evo6-
ΔTsl1-Hxk2 and DS71054-evo6-Hxk2 (Supplemental Figure 10) since 
the need for NADPH formation via acetic acid from acetaldehyde is 
no longer required.

Another hypothesis for the decreased D-glucose consumption in 
the evolved DS71054 lineage could be the direct inhibition of Hxk2 
by D-xylose. In vitro studies have shown an irreversible inactivation of 
Hxk2 activity via protein phosphorylation in the presence of D-xylose 
and 4.0 mM MgATP (168, 180). The inhibition of D-xylose on Hxk2 was 
confirmed via the overexpression of Hxt37 N367I. The introduction of 
a specific D-xylose transporter in DS71054, and thus increasing the 
intracellular D-xylose concentration, decreased D-glucose consump-
tion significantly whereas D-xylose consumption was not significantly 
increased (data not shown). Another hypothesis that can come into play 
under co-metabolizing conditions it that D-glucose inhibits the xylose 
isomerase (pirXI) or other D-xylose metabolizing proteins. However, 
the in-vitro D-xylose isomerase activity of XI was hardly affected by 
a 6-fold excess of D-glucose (Lee M et al., personal communications).

Summarizing, we have demonstrated the successful improvement 
of D-xylose consumption in the presence of high concentrations of 
D-glucose in S. cerevisiae using an evolutionary engineering approach. 
However, by improving D-xylose consumption, metabolism of D- glucose 
is reduced overall leading to a co-fermentation of both sugars by a lin-
eage of evolved strains in which the ratio of D-xylose over D-glucose 
consumption increases but where the overall sugar conversion rate 
remains relatively constant. The latter points at an intrinsic limitation 
in primary metabolism rather than transport of the sugars. Although 
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in these strains, D-glucose consumption is unaltered when cells are 
grown on D-glucose alone, co-metabolism with D-xylose negatively 
impacts D-glucose consumption. The latter is at least partially due to the 
accumulation of trehalose-6-phosphate which inhibits the phosphory-
lation of glucose, and reduced trehalose-6-phosphate accumulation by 
interfering with the function of the trehalose synthase complex, can at 
least partly, alleviate this bottleneck.
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SUPPLEMENTAL DATA

Supplemental Figure 1. Dilution rate (or growth rate) in the evolutionary engi-
neering experiment in an aerobic chemostat cultivation using DS71054-evoB 
as starting strain in mineral medium supplemented with 1 % D-xylose and 10 % 
D-glucose. DS71054-evo3, DS71054-evo4, DS71054-evo5 and DS71054-
evo6 were isolated after 31, 52, 68 and 85 days respectively. 

Supplemental Figure 2. D-xylose uptake in the Hxt transporter deletion strain 
DS68625 expressing Hxt36-N367I () and Hxt37-N367I (). Uptakes were per-
formed with 50 mM D-xylose and various concentrations of D-glucose (0, 50, 100, 
200 and 500 mM). Errors are the standard deviation of two independent experiments.
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Supplemental Figure 3. Anaerobic D-glucose (A) and D-xylose (B) consump-
tion of the original DS71054 hexokinase deletion strain () and the evolved 
derivatives DS71054-evoB (), DS71054-evo3 (), DS71054-evo4 () and 
DS71054-evo6 (), all complemented with the HXK2 gene, on mineral me-
dium supplemented with 3 % D-xylose and 7 % D-glucose. Starting OD600 was 
2.5 and the error bars were obtained from biological duplicates.

Supplemental Figure 4. Anaerobic D-glucose consumption of the original 
DS71054 hexokinase deletion strain () and the evolved derivatives DS71054-
evoB (), DS71054-evo3 (), DS71054-evo4 () and DS71054-evo6 (), all 
complemented with the HXK2 gene, on mineral medium supplemented with 
7 % D-glucose. Error bars were obtained from biological duplicates. Starting 
OD600 was 1.0 and the error bars were obtained from biological duplicates.
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Supplemental Figure 5. 14C D-glucose uptake of DS71054 (ori), DS71054-
evoB, DS71054-evo3, DS71054-evo4 and DS71054-evo6. Uptakes were per-
formed with 380 mM 14C D-glucose (7 %) and 200 mM D-xylose (3 %) to mimic 
industrial sugar concentrations. Errors are the standard deviation of two inde-
pendent experiments.

Supplemental Figure 6. RNAseq data of the main Hxt transporters in DS71054-
Hxk2 hexokinase deletion strain (Ori) and the evolved derivatives DS71054-
evoB-Hxk2, DS71054-evo3-Hxk2, DS71054-evo4-Hxk2 and DS71054-evo6-
Hxk2. Depicted is the absolute normalized expression of HXT1 (), HXT2 (), 
HXT4 (), HXT36 (or HXT37 in DS71054-evo6-Hxk2) () and HXT7 (). RNA 
was isolated after 7 hours of anaerobic growth in mineral medium supple-
mented with 3 % D-xylose and 7 % D-glucose.

Supplemental Figure 7. Trehalose concentrations in the extracellular (A) and 
intracellular (B) space of the DS71054 hexokinase deletion strain (Ori) and 
the evolved derivatives DS71054-evoB, DS71054-evo3, DS71054-evo4 and 
DS71054-evo6, all complemented with the HXK2 gene, in mineral medium 
supplemented with 7 % D-glucose and 3 % D-xylose. The extracellular con-
centration was measured after 4 hours and the intracellular accumulation of 
2 (white bars), 4 (light grey bars) and 6 (dark grey bars) hours. Error bars were 
obtained from biological duplicates.
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Supplemental Figure 8. Intracellular trehalose-6-phosphate (in ppm) in 
the DS71054 hexokinase deletion strain (Ori) and the evolved derivatives 
DS71054-evoB, DS71054-evo3, DS71054-evo4 and DS71054-evo6, all com-
plemented with the HXK2 gene, grown anaerobically in mineral medium con-
taining 7 % D-glucose and 3 % D-xylose. The intracellular concentration was 
measured after 12 hours and was normalized for the total intracellular content. 
Error bars were obtained from biological duplicates.

Supplemental Figure 9. Anaerobic D-glucose (), D-xylose () and total sugar 
consumption rates (in mmol/l.h)() of the original DS71054 hexokinase dele-
tion strain (Ori) and the evolved derivatives DS71054-evoB, DS71054-evo3, 
DS71054-evo4 and DS71054-evo6 in mineral medium supplemented with 
7 % D-glucose and 3 % D-xylose. The strains were complemented with Hxk1 
(A), Glk1 (B), Hxk2-Y (C) (170) , spHxk2 (D) (171) and Hxk2 (E) . Error bars were 
obtained from biological duplicates.



CH
A

PT
ER

 6

172

Im
pr

ov
ed

 D
-x

yl
os

e 
up

ta
ke

 a
nd

 c
on

su
m

pti
on

 in
 a

n 
ev

ol
uti

on
ar

y 
en

gi
ne

er
ed

 S
ac

ch
ar

om
yc

es
 c

er
ev

isi
ae

 s
tr

ai
n

173SUPPLEMENTAL DATA SUPPLEMENTAL DATA

Supplemental Figure 10. Acetic acid production (in g/l), in anaerobic fermen-
tation in mineral medium supplemented with 7 % D-glucose and 3 % D-xylose, 
of DS71054-Hxk2 (), DS71054-evo6-Hxk2 (), DS71054-evo6-Hxk2-ΔTsl1 
() and DS71054-evo6-Hxk2-ΔTps3 ().

Supplemental Table 1. Strains and plasmids used in this study

Strain/plasmid Relevant genotype and/or characteristics Source or 
 reference

Strains

DS68616 Mat a, ura3–52, leu2–112, gre3::loxP, loxP-Ptpi:TAL1, loxP-Ptpi::RKI1, 
loxP-Ptpi-TKL1, loxP-Ptpi-RPE1, delta::Padh1XKS1Tcyc1-LEU2, 
 delta::URA3-Ptpi-xylA-Tcyc1

DSM, The 
Netherlands

DS68625 DS68616, his3::loxP, hxt2::loxP-kanMX-loxP, hxt367::loxP-hphMX-loxP, 
hxt145::loxP-natMX-loxP, gal2::loxP-zeoMX-loxP

(72)

DS71055 DS68616-derivative after evolutionary engineering (72)

DS71054 DS71055, glk1::lox72; hxk1::loxP; hxk2::lox72; gal1::loxP; 
 his3::loxPnatMXloxP

DS71054-evoB DS71054-derivative after evolutionary engineering by chemostat 
 cultivation on D-xylose in presence of D-glucose

(72)

DS71054-evo3–6 DS71054-EvoB derivatives after 2nd round of evolutionary 
 engineering by chemostat cultivation on 1 % D-xylose in presence of 
10 % D-glucose 

This study

Plasmids

pRS313 E. coli/yeast shuttle vector; CEN6, ARSH4, HIS3, Ampr (120)

pRS313P7T7 pRS313 with promoter and terminator of Hxt7 (72)

pRS313P3T7 pRS313P7T7 with promoter of Tdh3 This study

Supplemental Table 2. Up-regulated gene expression in the DS71054 lin-
eage. Fold change (FC) based on expression levels in DS71054-evo6 versus 
DS71054.

Gene Annotation ori evoB evo3 evo4 evo6 FC
FLO1 Lectin-like protein involved in flocculation 23 21 88 18 1314 55.5

PGU1 Endo-polygalacturonase 12 12 142 75 596 49.7

MFA1 Mating pheromone α-factor 1291 3618 56323 33589 53723 41.6

AGA1 Anchorage subunit of α-agglutinin of a-cells 126 102 3909 565 3426 27.3

DAN1 Cell wall protein of unknown function 12 12 177 75 327 27.2

YLL053C Putative protein 12 85 142 487 268 22.3

HAC1 Basic leucine zipper (bZIP) transcription factor 149 1771 1627 4014 3066 20.5

YAL064C-A Putative protein 12 12 12 12 223 18.6

MF(α)1 Mating pheromone α-factor 12 12 142 40 215 17.9

AQY2 Dubious open reading frame 12 64 106 417 211 17.6

GFA1 Glutamine-fructose-6-phosphate amidotransf. 16 216 407 471 283 17.4

GAS5 1,3-beta-glucanosyltransferase 74 840 1433 2176 1275 17.2

TDA8 Putative protein of unknown function 13 42 318 92 226 16.0

RNR2 Ribonucleotide-diphosphate reductase (RNR) 27 329 265 853 443 16.6

AGA2 Adhesion subunit of a-agglutinin of a-cells 392 464 8349 1943 6368 16.3

PDR15 Plasma membrane transporter (ABC) 13 87 53 162 214 16.1

CYC7 Dubious open reading frame 12 64 195 368 178 14.8

CRR1 Retrotransposon TYA Gag and TYB Pol genes 18 25 265 83 260 14.7

RPL25 Ribosomal 60S subunit protein L25 152 2703 2105 5368 2231 14.6

AGP1 Low-affinity amino acid permease 112 77 1327 487 1628 14.5

TFB3 Subunit of TFIIH and nucleotide excision repair 170 270 4015 2378 2342 13.8

YLR042C Cell wall protein of unknown function 24 23 177 114 320 13.5

BAP3 Retrotransposon TYA Gag and TYB Pol genes 24 17 336 86 314 13.3

PGK1 3-phosphoglycerate kinase 75 1102 814 4082 997 13.2

TPI1 Triose phosphate isomerase 288 4217 4582 9838 3758 13.1

FUS1 Membrane protein localized to the shmoo tip 38 33 425 176 501 13.0

SSA2 ATP-binding protein; involved in protein 
folding

118 1715 708 3140 1524 12.9

YBR191W-A Putative protein of unknown function 89 1194 513 2742 1121 12.6

PRM5 Pheromone-regulated protein 30 60 159 242 354 11.9

AAD15 Putative aryl-alcohol dehydrogenase 16 27 283 54 182 11.2

SGA1 Intracellular sporulation-specific glucoamylase 13 27 124 83 147 11.0
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Supplemental Table 3. Down-regulated gene expression in the DS71054 lin-
eage. Fold change (FC) based on expression levels in DS71054-evo6 versus 
DS71054.

Gene Annotation ori evoB evo3 evo4 evo6 FC

HXT1 Low-affinity glucose transporter 1936 1851 88 54 22 0.01

DAL4 Allantoin permease 1695 484 71 103 61 0.04

HXT6/7 High-affinity glucose transporter 4622 5801 991 5793 276 0.06

DAL5 Allantoate permease 1714 834 106 132 131 0.08

OPT2 Oligopeptide transporter 963 362 35 57 80 0.08

MUC1 FLO11 (flocculin) 2140 2690 442 188 211 0.10

DCG1 Protein of unknown function 1784 988 248 391 209 0.12

DAL7 Malate synthase 8159 4397 637 1671 1055 0.13

HXT2 High-affinity glucose transporter 1100 412 318 242 159 0.14

YGR287C Isomaltase(α-1,6-glucosidase/α-methylgluco.) 4691 3173 1521 2545 822 0.18

DAL2 Allantoicase 1615 655 301 403 298 0.18

MAL32 Maltase (α -D-glucosidase) 3542 1998 1468 2210 671 0.19

CWP1 Cell wall mannoprotein 488 574 159 69 94 0.19

RHO5 Non-essential small GTPase 1054 817 548 423 248 0.24

FMP43 Conserved subunit of mitoch. pyruvate carrier 121 96 53 66 29 0.24

PUT4 Proline permease 833 410 124 217 207 0.25

YLR154C-G Protein of unknown function 1464 1040 3803 550 374 0.26

PRM10 Pheromone-regulated protein 132 121 0 55 34 0.26

HMS2 Homologous to heat shock transcription fact. 327 279 71 129 85 0.26

NRK1 Nicotinamide riboside kinase 910 522 354 297 243 0.27

SUL1 High affinity sulfate permease 470 164 124 132 128 0.27

MEP2 Ammonium permease 2641 3160 301 1297 723 0.27

MAL12 Maltase (α -D-glucosidase) 3829 2362 2565 2970 1085 0.28

SNL1 Ribosome-associated protein 720 586 212 310 207 0.29

MIG2 Zinc finger transcriptional repressor 1236 909 354 597 363 0.29

DAL80 Regulator in nitrogen degradation pathway 259 191 71 52 76 0.29

DAL3 Ureidoglycolate lyase 1241 713 283 359 366 0.29

ICY1 Protein of unknown function 868 568 318 288 258 0.30

SPO73 Meiosis-specific protein 492 316 265 226 150 0.30

GDH1 NADP(+)-dependent glutamate dihydrogen. 13231 10009 3113 5308 4299 0.32

GCV2 subunit of the mitoch. glycine decarboxylase 1662 1038 336 440 547 0.33

Supplemental Table 4. Oligonucleotides for deletions using Crisp/Cas9

Primer  Sequence (5’  3’)

targetRNA F Flo1
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCACCGT-
TAGT
GATGACTTTGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
AC

targetRNA F Flo1
GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCAAAGTCA
TCACTAACGGTGATCATTTATCTTTCACTGCGGAGAAGTTTCGAACGCCGAAACATGC
GCA

Repair F Flo1
GACTAACTTCACCATCAATGGTATCAAGCCATGGCATGGAAGTCTCCCTGATAATATCG
CTCAGAACACCAACAACTGCTAGCACCATCATAACCACAACTGAGCCATGGACCGGTA
CTT

Repair Flo1 
AAGTACCGGTCCATGGCTCAGTTGTGGTTATGATGGTGCTAGCAGTTGTTGGTGTTCT
GAGCGATATTATCAGGGAGACTTCCATGCCATGGCTTGATACCATTGATGGTGAAGTT
AGTC

F chk Flo1 CGTTCGAATGTTGTGCACAAGAAC

R chk Flo1 TTCGGTAGAAGTAGAAGTGGAAG

targetRNA F Tsl1
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCAGTGCATC
TTTATTGAATGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATC
AAC

targetRNA R Tsl1
GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCATTCAA
TAAAGATGCACTGATCATTTATCTTTCACTGCGGAGAAGTTTCGAACGCCGAAACAT
GCGCA

Repair F Tsl1
ACCCGTCGATTAAAAAACCAAACAAAGCAAAGAATACAATAGCAACGCAAGATCAAC
ACAATTTTACCATTTTAAAATTTTAATTTTCTTGGGTATGAACTTTTATTTTCAACTGCTT
AT

Repair R Tsl1
ATAAGCAGTTGAAAATAAAAGTTCATACCCAAGAAAATTAAAATTTTAAAATGGTAAA
ATTGTGTTGATCTTGCGTTGCTATTGTATTCTTTGCTTTGTTTGGTTTTTTAATCGACG
GGT

F chk Tsl1 TTTACTTTTGTGCGCGTGGG

R chk Tsl1 GTCGCCTGGACATTCCTCTC

targetRNA F Tps3
TGCGCATGTTTCGGCGTTCGAAACTTCTCCGCAGTGAAAGATAAATGATCATGTTTCTT
ATTATTACCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
AC

targetRNA R Tps3
GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCGGTAATAA
TAAGAAACATGATCATTTATCTTTCACTGCGGAGAAGTTTCGAACGCCGAAACATGCG
CA

Repair F Tps3 CTTTATAATTTATTGCTTCCTATTCAAAAAACCACAGACTAATAACCACGGGCAACCTC
AGCGATCATTTTCCCTCCTGTACTTTCAAAATGTTCTCTTTCTTATTCTTCAGTTATAGTT

Repair R Tps3
AACTATAACTGAAGAATAAGAAAGAGAACATTTTGAAAGTACAGGAGGGAAAATGAT
CGCTGAGGTTGCCCGTGGTTATTAGTCTGTGGTTTTTTGAATAGGAAGCAATAAATTA
TAAAG

F chk Tps3 AATTGTCCTCCTGGGCTTCG

R chk Tps3 TTGGACCGTCAGAGTCGTTC

Underlined: sequence of the targets in Flo1, Tsl1 and Tps3
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SUMMARY

For 1st and 2nd generation bioethanol formation, the yeast Saccharo-
myces cerevisiae is the premier organism for fermentation. However, 
S. cerevisiae cannot naturally ferment pentose sugars like D-arabinose 
and D-xylose which are main products, next to D-glucose, of lignocel-
lulosic biomass conversion in the 2nd generation bioethanol production 
process. Therefore, a xylose pathway was introduced via the expression 
of a fungal xylose isomerase in order for D-xylose to enter the pentose 
phosphate pathway (Figure 1). Although this resulted in the desired 
D-xylose fermentation, the consumption of D-xylose in the presence 
of high concentrations of D-glucose present in the lignocellulosic hy-
drolysate remains difficult. In general, xylose-fermenting S. cerevisiae 
strains first consume D-glucose, before D-xylose is metabolized. The 

Figure 1. D-glucose and D-xylose metabolism in DS71054-evoB-Hxk2 (A) and 
DS71054-evo6-Hxk2 (B). The D-glucose transport flux via the hexose trans-
porters Hxt1, Hxt2, Hxt4, Hxt5 and Hxt7 in DS71054-evoB-Hxk2 is substan-
tial as compared to the D-xylose flux through Hxt36 N367I. In DS71054-
evo6-Hxk2 the remaining expression of only Hxt2 and Hxt4 decreased the 
D-glucose flux while the flux of D-xylose in to the cell was increased via the 
increased expression of Hxt37 N367I. Increased intracellular D-xylose inhib-
its the conversion of D-glucose via Hxk2 and causes accumulation of treha-
lose-6-phosphate, which also inhibits Hxk2 activity. 
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first hurdle for efficient D-xylose consumption is the uptake of D-xylose. 
Since this uptake occurs via the extended family of endogenous hexose 
transporters, D-xylose is normally competed out by D-glucose and only 
once the D-glucose is exhausted to low levels, uptake of D-xylose can 
occur at appreciable rates. To overcome the inability of S. cerevisiae to 
efficiently transport D-xylose, specific D-xylose transporters derived 
from other organisms have been introduced into yeast. However, these 
heterologous systems in general only support low rates of D-xylose 
transport, often because they are high affinity and low capacity trans-
porters or are only poorly expressed in yeast. The goal of this thesis 
work was to overcome the D-xylose transport issue by engineering 
endogenous hexose transporters and alter their specificity from hexose 
to pentose sugars. Such re-wiring has the advantage that these trans-
porters remain well integrated in the regulatory systems of yeast and 
thus will be well expressed under relevant conditions.

Chapter 2 describes a gene shuffling approach of hexose transport-
ers and selection method for improved growth on low concentrations 
of D-xylose. Gene shuffling was used to screen for endogenous Hxt 
transporters with an increased affinity of D-xylose. Various libraries of 
shuffled HXT genes were transformed to a hexose transporter deletion 
strain (ΔHXT1-7 and ΔGAL2). This strain is unable to grow on xylose as 
the main hexose transporters have been deleted from the genome. Shuf-
fled genes were selected via growth on low concentrations of D-xylose. 
This screening yielded two homologous fusion proteins (fusion 9,4 and 
9,6) both consisting of the major central part of Hxt2 and various smaller 
parts of other Hxt proteins. Both chimeric proteins showed a similar 
increase in D-xylose affinity (~ 8 mM) as compared to Hxt2 (~ 24 mM). 
The increased D-xylose affinity could be related to the replacement 
of the C-terminus of Hxt2, more specifically to a cysteine to proline 
mutation at position 505 in Hxt2. The Hxt2C505P mutation could provide 
a way to increase the D-xylose transport flux at low D-xylose concen-
tration in e.g., at the end of an industrial fermentation when D-xylose 
concentration is nearly zero. However, these chimeric Hxt transporters 
are still capable of transporting D-glucose and thus the chimers do not 
provide a solution for the D-glucose inhibition of D-xylose transport.

In chapter 3, therefore another approach was followed. Herein, a 
quadruple hexokinase deletion mutant of the D-xylose fermenting 
S. cerevisiae strain DS69473 was used in an in vivo engineering approach. 

The quadruple hexokinase deletion abolishes D-glucose consumption 
therefore these cells will only grow on D-xylose or an alternative car-
bon source like ethanol. Due to the preference of the endogenous Hxt 
transporters for D-glucose, growth of the hexokinase deletion strain 
on D-xylose in the presence of high(er) concentrations of D-glucose 
is poor. The evolutionary engineering was performed by growing the 
cells in the presence of D-xylose and gradually increasing the D-glucose 
concentration in the chemostat. Eventually, this yielded a strain that 
efficiently utilized D-xylose in the presence of high D-glucose concen-
trations. Genome sequence analysis of the evolved strain revealed a 
mutation (Y353C) in the general co-repressor Cyc8/Ssn6, which was 
found to be responsible for the phenotype when introduced individu-
ally in the non-evolved strain. The Y353C mutation in the CYC8 gene is 
located in the before last (number 9 out of 10) tetratricopeptide (TPRs) 
domain. These are functional domains required for the interaction 
with Tup1. A distinct subset of TPR motifs is needed for the repression 
of different classes of genes affected by the Cyc8-Tup1 co-repressor 
complex, especially TPRs 8 and 9, and possibly 10. These are shown 
to be critical for glucose repression. During glucose repression, the 
Cyc8-Tup1 co-repressor complex interacts with Mig1 and inhibits Mig1 
activation. Transcriptome analysis revealed the altered expression of in 
total 95 genes, including genes involved in hexose transport, maltose 
metabolism, cell wall function, and unknown functions (e.g., Seripau-
perin multigene family). Out of the 18 known HXT transporters, 9 were 
significantly upregulated, especially the low or non-expressed HXT10, 
HXT13, HXT15 and HXT16 genes. The evolved strain showed increas-
ing uptake rates of D-xylose in the presence of D-glucose, as well as 
an elevated Vmax for both D-glucose and D-xylose transport. The data 
suggests that the increased expression of multiple hexose transporters 
renders D-xylose metabolism less sensitive to D-glucose inhibition due 
an elevated transport rate of D-xylose into the cell.

Since the aforementioned evolutionary approach did not lead to an 
altered specificity of endogenous hexose transporters for D-xylose, a 
more stringent evolutionary engineering approach was initiated. In 
chapter 4, a similar but optimized quadruple hexokinase deletion strain 
that was generated at DSM was used to increase D-xylose transport in 
the xylose-fermenting S. cerevisiae DS71054 strain. Since S. cerevisiae 
lacks specific pentose transporters it depends on endogenous hexose 
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transporters for low affinity pentose uptake. To improve the specificity 
towards D-xylose the aforementioned DS71054 strain was used in an 
evolutionary engineering experiment to select for growth on D- xylose 
in the presence of high D-glucose concentrations. This resulted in D-glu-
cose-tolerant growth of the yeast on D-xylose. This phenomenon, in 
DS71054-evoB, could be attributed to a mutation at N367 in the en-
dogenous chimeric Hxt36 transporter causing a defect in D-glucose 
transport while still allowing uptake of D-xylose (Figure 1A). The Hxt36 
N367I mutation created a specific D-xylose binding site, albeit with a 
slightly reduced affinity and lowered Vmax. Specifically, the bulky isoleu-
cine group prevents the aldehyde group of D-glucose to bind efficiently 
in the binding pocket, and hence the affinity for D-glucose is reduced 
significantly magnitude. Saturation mutagenesis of the N367 position 
yielded the variant Hxt36 N367A that transports D-xylose with a high 
rate and improved affinity. In fermentation trials, this mutant allowed 
the efficient co-consumption of D-glucose and D-xylose when provided 
in equimolar concentration. Therefore, this transporter can potentially 
be used for efficient lignocellulosic bioethanol production.

Although the endogenous hexose transporter Hxt36 was successfully 
engineered into a specific D-xylose transporter, Hxt36 is subjected 
to D-glucose-regulated protein degradation. Therefore, in chapter 5, 
protein degradation of hexose transporters was studied and optimized. 
In the absence of glucose or when the D-glucose is exhausted from 
the medium, some Hxt proteins with high D-xylose transport capacity 
are rapidly degraded and removed from the cytoplasmic membrane. 
Thus, turnover of such Hxt proteins may lead to poor growth on solely 
D-xylose. In contrast, Hxt11, which is normally not expressed in S. cer-
evisiae, is not subjected to protein degradation as not recognized by 
the quality control mechanisms. It remains on the cytoplasmic mem-
brane both at high and low D-glucose concentrations. At low D-glucose 
concentration protein degradation is a major issue for the low affinity 
hexose transporters Hxt1, Hxt36 (Hxt3 variant) and Hxt5 which are 
also subjected to catabolite degradation. This is evidenced by a loss 
of the aforementioned hexose transporters from the membrane upon 
D-glucose depletion as monitored with GFP fusions. The catabolite 
degradation occurs through ubiquitination, which is a major signaling 
pathway for turnover. N-terminal lysine residues of the aforementioned 
Hxt proteins predicted to be the target of ubiquitination were replaced 

for arginine residues. The mutagenesis resulted in improved membrane 
localization when cells were grown on solely D-xylose concomitantly 
with significantly stimulated growth on D-xylose. The decreased ubiq-
uitination also improved the late stages of sugar fermentation when 
cells are grown on both D-glucose and D-xylose.

Although the evolved hexokinase deletion DS71054-evoB strain 
bearing the Hxt36 N367I mutation from chapter 4 showed significantly 
improved growth on D-xylose in the presence of high concentrations of 
D-glucose, the mutant suffers from a reduced Vmax for xylose transport. 
This was partially solved by the aforementioned saturation mutagen-
esis of position N367, which yielded the Hxt36 N367A mutant with 
improved D-xylose transport properties, but this mutant also regained 
some D-glucose transport activity. Therefore, in chapter 6 a 2nd round 
of evolutionary engineering was performed in order to determine if the 
capacity of the Hxt36 N367I mutant to transport D-xylose can be im-
proved by additional mutations while maintaining the strict specificity for 
D-xylose. The hexokinase deletion DS71054-evoB strain was evolved 
in a chemostat during three months on 1% D-xylose in the presence of 
10% D-glucose. During the course of the experiment the dilution rate 
was gradually increased to select for faster growth. Whereas several 
intermediate evolved strains with improved growth rates were isolated, 
the final strain DS71054-evo6 shows equal growth rates on D-xylose 
only as compared to D-xylose in presence of an excess D-glucose. 
The improved growth rate could be attributed to improved D-xylose 
uptake via increased expression levels of Hxt37 N367I, and an overall 
reduction in the expression of other Hxt transporters except for Hxt4. 
Re-introduction of the hexokinase Hxk2 (and other hexokinases) in 
the evolved DS71054-evoB mutant restored D-glucose consumption. 
However, the Hxk2 complemented evolutionary engineering lineage 
showed an increased D-xylose consumption that was paralleled by a 
decreased D-glucose consumption. Overall this led to a net reduction 
in sugar consumption and growth rate. On the other hand, consumption 
of D-glucose alone was restored to the levels of the parental and the 
non-evolved strain leading to the conclusion that glucose consumption 
per se was not altered in the evolved strains. When the Hxk2 com-
plemented evolved strains were grown on a mixture of D-xylose and 
D-glucose, the progressive accumulation of trehalose-6-phosphate was 
observed. Trehalose-6-phosphate is an inhibitor of hexokinases and its 
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cellular accumulation therefore reduces the D-glucose consumption 
(Figure 1B). RNA sequencing revealed an increased expression levels 
of the trehalose pathway genes TPS1 and TSL1. Upon the deletion 
of Tps3 and especially Tsl1, in the evolved strain, the intracellular tre-
halose-6-phosphate concentration decreased significantly therefore 
improving D-glucose consumption and growth. This yielded therefore 
a strain with improved D-glucose and D-xylose co-consumption. How-
ever, the overall conclusion of the work is that once the bottleneck of 
transport has been removed, co-metabolism of D-glucose and D-xylose 
is severely limited by the capacity of primary metabolism and therefore 
the overall rates of bioethanol production remain within the same order 
of magnitude irrespective co- or sequential metabolism occurs.

In this thesis we have tackled various aspects of D-xylose transport in 
S. cerevisiae: affinity, specificity, flux and protein degradation. Although 
co- consumption of D-xylose and D-glucose was realized there are a 
number intrinsic issues that find their origin in the primary metabolism 
and that are difficult to solve. D-xylose consumption, as compared to 
D-glucose consumption, is still too slow while in the evolved DS71054-
evo6 strain, D-xylose and accumulated trehalose-6-phosphate inhibit 
Hxk2. Additional research is needed to improve D-xylose and D-glucose 
co-consumption in S. cerevisiae, specifically with respect to Hxk2, and 
other hexokinases, to improve the sensitivity towards D-xylose in order 
to stimulate co-consumption of D-xylose and D-glucose. Co-consump-
tion can lead to a more robust fermentation, but overall, the process will 
be limited by the maximal flux possible through the glycolytic pathway 
and thus consumption will not quickly lead to faster fermentation rates 
as compared to sequential utilization of the sugars. 

NEDERLANDSE SAMENVATTING

Voor het 1ste en 2de generatie bio-ethanol productieproces is bakkersgist 
(Saccharomyces cerevisiae) één van de meeste gebruikte organismen in 
de fermentatie. Biomassa uit lignocellulose, dat gebruikt wordt in de 2de 
generatie bio-ethanol productie, levert na het hydrolyse proces verschil-
lende hexose en pentose suikers op waaronder xylose. S. cerevisiae kan 
van nature geen xylose consumeren en om dit toch te bewerkstelligen 
is een xylose isomerase, afkomstig van een schimmel, in bakkersgist 
tot expressie gebracht. Daarmee kan de xylose, via de pentose fosfaat 
route, worden opgenomen in de glycolyse en kan bioethanol worden 
geproduceerd (Figuur 1). Hoewel dit resulteerde in de gewenste xylose 
consumptie, wordt de xylose in aanwezigheid van een hoge glucose 
concentratie, maar langzaam geconsumeerd. Alle S. cerevisiae stammen 

Figuur 1. Glucose en xylose metabolisme in DS71054-evoB-Hxk2 (A) en 
DS71054-evo6-Hxk2 (B). De glucose transportcapaciteit via de hexose trans-
porters Hxt1, Hxt2, Hxt4, Hxt5 en Hxt7 in DS71054-evoB-Hxk2 is aanzien-
lijk lager in vergelijking met de xylose capaciteit via Hxt36 N367I. In DS71054-
evo6-Hxk2 resteert alleen de expressie van Hxt2 en Hxt4 waardoor de glucose 
opname capaciteit werd verlaagd terwijl de opname capaciteit van xylose werd 
verhoogd via de verhoogde expressie van Hxt37 N367I. De verhoogde intracel-
lulaire xylose concentratie remt de omzetting van glucose via Hxk2 en veroor-
zaakt accumulatie van trehalose-6-fosfaat, dat ook activiteit van Hxk2 remt.
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die xylose kunnen fermenteren consumeren eerst (bijna) alle glucose 
voordat xylose wordt gemetaboliseerd. Om efficiënte consumptie van 
xylose (in de aanwezigheid van glucose) te bewerkstelligen is de opname 
van xylose in de gist cel essentieel. Omdat xylose opname plaatsvindt 
via de endogene hexose transporters (Hxt’s), wordt xylose transport 
geremd door glucose en alleen als de glucose concentratie laag genoeg 
is kan xylose door de cel worden opgenomen. Om het onvermogen van 
S. cerevisiae om efficiënt xylose te transporteren te verbeteren zijn in 
andere studies specifieke xylose transporters uit andere organismen 
tot expressie gebracht in gist. Helaas leverden deze heterologe trans-
portsystemen slechts een lage xylose transport capaciteit op, waar-
schijnlijk omdat deze transporters niet goed functioneren in gist of te 
snel worden afgebroken. 

Het doel van dit proefschrift is om xylose transport in gist te verbeteren 
door ons te richten op de endogene hexose transporters en hun speci-
ficiteit, van hexose naar pentose suikers, te veranderen. Een dergelijke 
aanpassing heeft het voordeel dat deze transporters goed geïntegreerd 
blijven in het regulatie systeem van gist en dus goed onder de relevante 
omstandigheden zullen kunnen functioneren.

In hoofdstuk 2 gebruiken we daarom een methode om HXT glucose 
transporter genen door elkaar te “shuffelen” en om stammen te selecte-
ren met verbeterde groei op lage concentraties xylose om op deze wijze 
varianten te krijgen met een verbeterde affiniteit voor xylose. Verschil-
lende “genen-banken” werden getransformeerd naar een stam waaruit 
alle hexose transporters (ΔHXT1-7 en ΔGAL2) zijn verwijdert, waardoor 
deze stam niet meer kan groeien op xylose. Groei op xylose kan dan 
hersteld worden middels de expressie van een geschikte transporter. 
Deze screening leverde twee bijna identieke fusie-eiwitten (fusie 9.4 en 
9.6) op die beide bestaan uit een groot deel van Hxt2 en verschillende 
kleinere delen van andere Hxt eiwitten. Beide fusie-eiwitten vertoonden 
dezelfde verbetering in affiniteit voor xylose (8.1 ± 3.0 mM) in vergelij-
king tot Hxt2 (23.7 ± 2.1 mM). Dit fenomeen wordt veroorzaakt door 
de veranderde C-terminus van het eiwit en in het bijzonder door een 
cysteïne tot proline mutatie op positie 505 in Hxt2. De verbeterde xy-
lose affiniteit van Hxt2 C505P zou een manier kunnen zijn om het trans-
port van xylose, vooral bij een lage xylose concentraties, te verbeteren. 

Met name aan het einde van een industriële bio-ethanol fermentatie 
waarbij de xylose concentratie bijna nul geworden is kan dit tot een 
verbeterde suiker conversie leiden. Deze gefuseerde Hxt-transporters 
zijn echter nog steeds in staat om glucose te transporteren en zijn dus 
geen oplossing voor de remming door glucose op het xylose transport.

Om het transport van xylose verder te optimaliseren werd in hoofdstuk 3 
een viervoudige hexokinase deletie mutant gebruikt die was afgeleid 
van de xylose fermenterende S. cerevisiae stam (DS69473). Door de 
viervoudige hexokinase deletie kan glucose niet meer worden gebruikt 
als koolstofbron en dus kan deze stam alleen groeien op xylose. Door 
de hoge affiniteit van de endogene Hxt transporters voor glucose is de 
groei op xylose, in de aanwezigheid van hoge concentraties glucose, 
beperkt. Door middel van natuurlijke selectie, waarbij gegroeid werd op 
xylose, en waarbij geleidelijk de glucose concentratie werd verhoogd, 
werd een verbeterde xylose fermenterende stam geïsoleerd. Genoom 
analyse van de verbeterde stam onthulde een mutatie (Y353C) in het 
CYC8/SSN6 gen, dat betrokken is bij repressie van bepaalde genen. De 
Y353C mutatie in Cyc8 bevindt zich in het voorlaatste TPR-motief, een 
functioneel domein dat nodig is voor de interactie met een ander eiwit: 
Tup1. Er bestaan verschillende TPR-motieven die zorg dragen voor de 
repressie van verschillende klassen van genen, allen beïnvloed door het 
co-repressor-complex Cyc8/Tup1. Het co-repressor-complex Cyc8/Tupl 
bindt, in het geval van glucose repressie, aan Mig1 en remt zodoende de 
Mig1-activering. Expressie analyse liet de veranderde expressie zien van 
in totaal 95 genen, waaronder genen betrokken bij: 1) hexose transport, 
2) maltose metabolisme, 3) celwandfunctie en 4) onbekende functies. 
Van de 18 bekende Hxt-transporters waren er 9 significant op geregu-
leerd waaronder HXT10, HXT13, HXT15 en HXT16 die niet of nauwelijks 
tot expressie komen in de wildtype stam. De xylose opname snelheid 
in de geëvolueerde stam was significant verhoogd in aanwezigheid van 
glucose, evenals een verbeterde capaciteit van zowel glucose als xylose. 
Deze data laat zien dat verbetert xylose transport, door de verhoogde 
expressie van meerdere hexose transporters, het xylose metabolisme 
minder gevoelig maakt voor de remming door glucose. 

Omdat de, in hoofdstuk 3 gebruikte natuurlijke selectie niet leidde 
tot een gewijzigde specificiteit voor xylose van de endogene hexose 
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transporters, werd een meer stringente selectie gestart met een an-
dere gist stam. In hoofdstuk 4 werd een vergelijkbare, maar verbeterde, 
viervoudige hexokinase deletiestam gebruikt om het xylose transport 
in de xylose-fermenterende S. cerevisiae DS71054-stam te verhogen. 
Aangezien S. cerevisiae specifieke pentose transporters mist het, is gist 
afhankelijk van de hexose transporters die een lage affiniteit hebben 
voor xylose. Om de specificiteit van de Hxt transporters voor xylose te 
verbeteren, werd de bovengenoemde DS71054-stam gebruikt in een 
evolutie experiment waarbij werd geselecteerd op verbeterde groei op 
xylose in aanwezigheid van hoge glucose concentraties. De geëvolu-
eerde gist stam, DS71054-evoB (Figuur 1A), liet verbeterde tolerantie 
zien ten aanzien van glucose als werd gegroeid op xylose. De verbeterde 
groei kon worden toegeschreven aan een mutatie op positie N367 in 
de endogene chimere Hxt36-transporter. Deze mutatie veroorzaakt 
een defect in de herkenning en het transport van glucose terwijl de 
specifieke opname van xylose nagenoeg ongemoeid blijft. Door de 
N367I mutatie in Hxt36 ontstaat er een bindingsplaats die specifiek is 
voor xylose, daarentegen zijn de affiniteit en capaciteit enigszins ver-
slechterd. De mutatie van de grotere isoleucine zijketen belet dat de 
aldehyde groep van glucose op efficiënte wijze bindt in de bindingsholte 
en daardoor wordt de affiniteit voor glucose significant lager. Een andere 
variant van dezelfde mutatie in Hxt36, N367A, transporteert xylose 
met een hogere snelheid en verbeterde affiniteit waardoor efficiënte 
co-consumptie van glucose en xylose mogelijk is. De co-consumptie 
van beide suikers kan als zodanig worden gebruikt voor een efficiëntere 
productie van bio-ethanol uit lignocellulose.

Hoewel de Hxt36 hexose transporter door de N367 mutatie met succes 
veranderd is in een specifieke xylose transporter wordt Hxt36 onderworpen 
aan, door glucose gereguleerd, eiwitafbraak. Daarom werd in hoofdstuk 5 
de eiwitafbraak van hexose transporters bestudeerd en verbeterd. In af-
wezigheid van glucose, of wanneer bijna alle glucose uit het medium is 
geconsumeerd, worden Hxt-eiwitten met een hoge transport capaciteit 
voor glucose snel afgebroken en verwijderd uit het cytoplasmatische mem-
braan van de cel. Daardoor zal de capaciteit van dergelijke Hxt transpor-
ters afnemen en vervolgens leiden tot slechte groei op xylose. Dit is met 
name het geval voor de hexose transporters met lage affiniteit zoals Hxtl, 
Hxt36 (Hxt3-variant) en Hxt5. Door middel van fusies met GFP (een groen 

fluorescerend eiwit) aan bovenstaande eiwitten hebben we aangetoond dat 
deze hexose transporters uit het cytoplasmatisch membraan verdwijnen 
als er geen glucose in het medium aanwezig is. Deze afbraak vindt plaats 
door middel via ubiquitinatie van bepaalde lysine residuen in deze eiwitten. 
Van de N-terminale lysine residuen in de hiervoor genoemde Hxt-eiwitten 
werd voorspeld dat ze mogelijk geubiquitineerd zouden kunnen worden 
en deze werden daarom vervangen voor arginine residuen. Deze muta-
ties resulteerden in een verbeterde lokalisatie op de cytoplasmatische 
membraan als deze cellen worden gegroeid op medium met alleen xylose. 
Gelijktijdig verbeterde ook de groei op xylose significant. De verminderde 
ubiquitinering verbeterde ook de suiker consumptie aan het eind van de 
fermentatie, in medium met zowel glucose als xylose. 

Hoewel de hexokinase deletie DS71054-evoB stam met de Hxt36 N367I 
mutatie uit hoofdstuk 4 een significant verbeterde groei liet zien op 
xylose in de aanwezigheid van hoge concentraties glucose, veroorzaakt 
de mutatie ook een verlaging van de transport capaciteit voor xylose. 
Dit werd gedeeltelijk opgelost door verzadigingsmutagenese van po-
sitie N367 uit te voeren wat de Hxt36 N367A-mutant opleverde met 
verbeterde xylose transporteigenschappen. Echter deze mutatie heeft 
in minder remmend effect op de glucose transport capaciteit. 

Daarom werd dezelfde stam gebruikt in een tweede evolutie experiment, 
gebruik makend van natuurlijke selectie, zoals beschreven in hoofdstuk 6. 
De DS71054-evoB stam werd gegroeid in een chemostaat gedurende 3 
maanden in medium met 1% xylose en 10% glucose waarbij de verdun-
ningssnelheid van het toegevoegde medium geleidelijk werd verhoogd. 
Gedurende de natuurlijke selectie werden er verschillende stammen ge-
isoleerd maar de laatste, DS71054-evo6, heeft een identieke groeisnelheid 
op 1% xylose in vergelijking met de groei op 1% xylose in aanwezigheid 
van 10% glucose. Deze verbeterde groeisnelheid kan worden toege-
schreven aan de verhoogde opname van xylose bewerkstelligd door een 
hoger expressie niveau van Hxt37 N367I. Na de herintroductie van Hxk2 
(en ook andere hexokinasen) in de nieuwe DS71054-evo6 stam was de 
glucose consumptie echter significant lager ten opzichte van de originele 
DS71054 stam. Verdere analyse van de geselecteerde stammen gaf aan 
dat een verhoogde xylose consumptie samengaat met een verlaagde 
glucose consumptie alsmede een verminderde totale suiker consumptie 
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en verlaagde groeisnelheid. De consumptie capaciteit van glucose als 
zodanig is echter niet vermindert want in medium met alleen glucose 
is de groeisnelheid in alle stammen gelijk. In de geëvolueerde stammen, 
en in DS71054-evo6 het meest, accumuleerde trehalose-6-fosfaat. Tre-
halose-6-fosfaat remt de omzetting van glucose tot glucose-6-fosfaat 
door Hxk2 en vermindert daardoor de omzetting van glucose (Figuur 
1B). Transcriptie analyse toonde aan dat de expressie niveaus van TPS1 
en TSL1, behorende tot de trehalose route, in DS71054-evo6 waren 
verhoogd. Na de deletie van Tps3, en vooral Tsl1, nam de intracellulaire 
trehalose-6-fosfaat concentratie in de geëvolueerde stam significant af, 
waardoor de glucose consumptie en de groei verbeterden. In deze dele-
tie stammen is daardoor de co-consumptie van glucose en xylose sterk 
verbeterd. Hoofdstuk 6 laat zien dat zodra xylose transport verbeterd 
is, het co-metabolisme van glucose en xylose sterk wordt beperkt door 
het vermogen van het primaire metabolisme en dat daarom het bio-
ethanol productie ongeveer hetzelfde blijft onafhankelijk van het feit of 
er co-consumptie van glucose en xylose is of niet.

In dit proefschrift hebben we verschillende aspecten van xylose transport 
in S. cerevisiae onderzocht: affiniteit, specificiteit, capaciteit en eiwitaf-
braak. Hoewel het doel: co-consumptie van xylose en glucose, werd gere-
aliseerd, zijn er een aantal intrinsieke problemen die hun oorsprong vinden 
in het primaire metabolisme en die vooralsnog moeilijk oplosbaar zijn. 
Xylose consumptie is, vergeleken met glucose consumptie, nog steeds 
te langzaam en daarnaast remmen, in de ge-evolueerde DS71054-evo6 
stam, xylose en trehalose-6-fosfaat het hexokinase (Hxk2). Aanvullend 
onderzoek is nodig om xylose en glucose co-consumptie in S. cerevisiae 
te verbeteren. Met name is het gewenst Hxk2 (en andere hexokinases) 
minder gevoelig te maken voor xylose remming om zodoende de co-con-
sumptie van xylose en glucose te verbeteren. Het co-consumptie proces 
wordt beperkt door de maximale capaciteit die mogelijk is via de glycolyse 
en dus zal consumptie niet snel tot snellere fermentatie snelheden leiden 
in vergelijking met sequentiële consumptie van de suikers. Ondanks het 
feit dat oplossingen voor een verhoogd primair metabolisme niet meteen 
voor de hand liggen, kan co-consumptie leiden tot een robuustere fermen-
tatie proces omdat het xylose metabolisme onder die omstandigheden 
minder gevoelig is voor zwakke zuren die aanwezig zijn in de feedstock 
extracten en die gedurende de fermentatie ophopen.
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