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Improving pentose fermentation
by preventing ubiquitination of hexose
transporters in Saccharomyces cerevisiae

Jeroen G. Nijland', Erwin Vos', Hyun Yong Shin', Paul P. de Waal? Paul Klaassen? and Arnold J. M. Driessen'”

Abstract

Background: Engineering of the yeast Saccharomyces cerevisiae for improved 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 remain 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 degra-
dation as evidenced by a loss of GFP fused hexose transporters from the membrane upon glucose depletion. Catabo-
lite 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 endogenous hexose transporters Hxt1 and Hxt36 that
are subjected to catabolite degradation results in improved retention at the cytoplasmic membrane in the absence
of glucose and causes improved xylose fermentation upon the depletion of glucose and when cells are grown in

p-xylose alone.
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Background

During the last three decades, biofuels have received
a lot of attention since these are derived from renew-
able 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 % of xylose next to the glucose [1]. In industrial
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fermentation processes, Saccharomyces cerevisiae is gen-
erally used for ethanol production but this yeast cannot
naturally ferment pentose sugars, like, xylose. Although S.
cerevisiae has been engineered into a xylose-fermenting
strain via either the insertion of a xylose reductase and
xylitol dehydrogenase [2, 3] or a fungal xylose isomer-
ase [4—6], glucose remains the preferred sugar which is
consumed first. Therefore, during growth of contem-
porary xylose-fermenting S. cerevisiae strains on a sec-
ond generation feed stock, consumption rates of xylose
in the presence of high glucose concentrations always
remained moderate [7]. Instead, bi-phase sugar con-
sumption is observed which relates to sequential sugar
uptake wherein first glucose and subsequently xylose is
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sequestered by the cells. All wild-type S. cerevisiae hex-
ose transporter (Hxt) proteins show a higher K| value for
xylose uptake as compared to glucose which explains the
preference for glucose over xylose [7, 8]. More recently,
co-fermentation of these sugars has been reported
through the engineering of endogenous Hxt transporters
(Hxt’s) [9, 10] yielding non-glucose inhibited xylose trans-
porters. A Hxt-deletion strain, in which the HXT1-17 and
GAL2 genes were removed, is unable to grow on xylose
and glucose while growth on xylose could be comple-
mented with Hxt4, Hxt5, Hxt7, and Gal2 [7]. Saloheimo
and coworkers [8] additionally showed that also Hxt1 and
Hxt2 are able to transport xylose in a strain in which the
main hexose transporter genes HX71-7 and GAL2 were
deleted. In none of these studies, Hxt3 was analyzed. In
general, the HXT family of sugar transporters facilitates
glucose transport in S. cerevisiae [11, 12] while Hxt1-7
and Gal2 are the main and highest expressed transport-
ers exhibiting different affinities for glucose thus cover-
ing a wide range of glucose concentrations [12, 13]. Hxt
transporters can be divided into three groups on the
basis of their glucose transporter affinity and expres-
sion, namely: low affinity glucose transporters Hxtl and
Hxt3 (K, 40-100 mM) which are expressed at high glu-
cose concentrations but disappear from the membrane
at low glucose concentration; moderate affinity glucose
transporters Hxt4 and Hxt5 (K, 10-15 mM) with a var-
ied expression profile; and high affinity transporters Hxt2
and Hxt7 (K, 1-3 mM) that are solely expressed at lower
glucose concentration [11, 13—16]. Gal2 which is a galac-
tose transporter also shows a high affinity for glucose (K,
1.5 mM) [9]. However, the GAL2 gene is expressed only
when galactose is present [13, 17]. Expression studies
have shown that the HXT1-4 genes are mainly repressed
by the Rgtl repressor, which recruits the general co-
repressor Cyc8-Tupl complex and the co-repressor Mth1
to the HXT promoters in the absence of glucose [18-23].
HXT genes are induced by three major glucose signaling
pathways (Rgt2/Snf3, AMPK, and cAMP-PKA) which
bring about glucose induction by inactivating the Rgtl
repressor [24—26] and as demonstrated for Hxtl and
Hxt3, subsequent endocytosis and vacuolar degradation
of cytoplasmic membrane localized transporters when
the glucose concentration is low [20, 27, 28]. Protein deg-
radation in S. cerevisiae is brought about via the ubiquit-
ination of the target proteins [28]. Ubiquitin is typically
linked to the target protein through an isopeptide bond
between the e-amino group of a substrate lysine residue
and the carboxyl terminus of ubiquitin [29]. Hxtl has
previously been shown to be ubiquitinated when the glu-
cose levels in the medium are low [20].

A potential issue with the use of Hxt-derived, engi-
neered xylose transporters is that their overexpression
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not always matches to the growth phase and/or carbon
source under study. For example, if a xylose transporter
would be derived from Hxt3 by protein engineering, one
should note that Hxt3 intrinsically is a low-affinity glu-
cose/xylose transporter induced at high glucose con-
centrations while the protein is rapidly degraded and
removed from the plasma membrane in the absence of
glucose [28]. Hxt3 indeed supports only limited or no
growth when cells are supplied with solely xylose [7]. The
Hxt1l [20] and Hxt3 [28] transporters have in common
that upon depletion of glucose in the medium, they are
removed from the membrane and for Hxt1 it was shown
that it is indeed ubiquitinated at two lysine residues in the
N-terminus [20]. This pathway involves endocytosis and
vacuolar degradation. Hxt36 is a chimeric protein con-
stituting 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 [10]. Hxt36 is highly homologus to Hxt3, and,
is like Hxt3 [28], also susceptible to degradation in the
absence of glucose. Thus, the presence of the C-terminus
of Hxt6 did not rescue Hxt36 against turnover. Moreo-
ver, in a Hxt-deficient strain, Hxt36 supported only slow
xylose consumption in a fermentation in the absence of
glucose [10]. Hxt5 is an intermediately expressed hex-
ose transporter at low glucose concentration exhibit-
ing a moderate affinity for glucose (~10 mM) [30] and is
regulated by growth rate [14]. Hxt5 is degraded at high
concentrations of glucose in the medium [31]. In station-
ary-phase cells, Hxt5 is transient phosphorylated on ser-
ine residues and no ubiquitination was detected [31]. As
a possible strategy to prevent the protein degradation of
the aforementioned transporters Hxtl, Hxt36, and Hxt5,
we have mutated lysine residues predicted to be poten-
tial targets for ubiquitination and expressed these mutant
proteins in xylose-fermenting yeast. The presented data
show that 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 inter-
esting HXT-based, engineered 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 [16].
Here, individual HXT genes were removed from their
native transcriptional regulation and constitutively



Nijland et al. Biotechnol Biofuels (2016) 9:158

expressed under control of the truncated (—390) HXT7
promoter in a Ahxtl-7; Agal2 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 ubiqui-
tination sites using UbPred (http://www.ubpred.org/)
predicting possible ubiquitination of the lysine resi-
dues at position 12, 35, 420, 557, and 561 (Fig. 1; num-
bered according to Hxt1 that acts as a reference). Lysine
420 showed a low confidence score and is localized 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 vari-
ous combinations of mutagenized Hxt36 proteins were
generated. Via overlap-PCR the following combinations
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 [10] and renamed 1K, 3K 5K, and 8K,
respectively. Furthermore, all aforementioned mutations
were also introduced in the HX736 N367A gene, which
enables co-fermentation of D-glucose and D-xylose due to
an improved substrate specificity towards D-xylose over
D-glucose [10]. 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 fer-
mentation pathway [11]. Subsequently, cells were grown
on 2 % D-xylose (Fig. 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 muta-
tions in the N-terminus of Hxt36 (3K) enabled efficient
growth on D-xylose as sole carbon source. Notably,
with the mutant HX7T36 N367A gene, growth solely on
D-xylose occurred with an increased lag-phase (Fig. 2b).
The Hxt36 wild type bearing the mutations in all C- and
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N-terminal lysine residues (8K) also enabled improved
growth on D-xylose but not as well as the 3K mutant
(Fig. 2a). The 5K with mutations only in the C-terminus
and the 1K mutant showed only small improvements.
The data show 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 Hxtl 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 (Fig. 1). These
mutants are further referred to as Hxtl K4 and Hxt5 K7.
All mutant proteins were cloned into pRS313-P7T7 and
transformed to the DS68625 strain. In contrast to the
wild-type Hxtl, the strain carrying the Hxtl K4 mutant
was capable of growth on 2 % D-xylose (Additional
file 1: Figure S1A). The Hxt5 K7 mutant did not improve
upon the wild-type Hxt5 (Additional file 1: Figure S1B)
confirming an earlier study [31]. These data show that
mutating potential ubiquitination sites on Hxt transport-
ers 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.

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 transport-
ers 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 fusion proteins were expressed in the DS68625
strain, and cells were pre-grown with D-glucose and

12 35 56 TMD1
Hxt1 1 MNSTPDLIS-PQRSNSSNSYELESGRYRAMNTPEGRNESFHDNLSESQVQPAVAPEN TREVYVTVSICCVMVAFGGFIFGRDTGTISGEVAQTDFLRR
Hxt36 1 MNSTPDLIS-PQRISSENSNADLPSNSSQVMNMPEEK--GVQDDF-QAEADQVLTNEN TGKEAYVTVSICCVMVAFGGEVEGRDTGTISGEVAQTDFLRR
Hxt5 1 MSELENAHQGPLEGSATVSTNSNSYNEKS GNSTAPGTAGYNDNLAQARPVSSY T SHEGPHRPELEELGREVDNQ SDLLFVSVCCLMVAFGGEVEGHDTGTISGEVRQTDFIRR
TMD2 TMD3 TMD4 TMD5
Hxt1 99 FGMKHHDGSHYLSKVRTGLIVSIFNIGCAIGGIVLAKLGDMYGRRIGLIVVVVIYTIGIIIQIASINKWYQYFIGRIISGLGVGGITVLSPMLISEVAPSEMRGTLVSCYQVMITLGIF
Hxt36 95 FGMKHKDGSYYLSKVRTGLIVSIFNIGCAIGGI ILAKLGDMYGRRMGLIVVVVIYIIGIIIQIASINKWYQYFIGRIISGLGVGGIAVLSPMLISEVAPKEMRGTLVSCYQLMITLGIF
Hxt5 120 FGSTRANGTTYLSDVRTGLMVSIFNIGCAIGGIVLSKLGDMYGRKIGLMIVVVIYSIGIIIQIASIDKWYQYFIGRIISGLGVGGITVLAPMLISEVSPKQLRGTLVSCYQLMITEGIF
TMD6
Hxt1 218 LGYCTNFGTKNYSNSVQWRVPLGLCFAWALFMIGGMMEVPESPRYLVEAGRIDEARASLAKVNKCPPDHPY IQYELETIEAGVEEMRAAGTASWGELFTGKPAMFQRTMMGIMIQSLQQ
Hxt36 214 LGYCTNFGTKNYSNSVQWRVPLGLCFAWALFMIGGMTFVPESPRYLVEAGQIDEARASLSKVNKVAPDHPFIQQELEVIEASVEEARAAGSASWGELFTGKPAMFKRTMMGIMIQSLQQ
Hxt5 239 LGYCTNEGTKNYSNSVQWRVPLGLCFAWSIFMIVGMTEVPESPRYLVEVGKIEEAKRSLARANKTTEDSPLVTLEMENYQSS IEAERLAGSASHGELVTGKPQMFRRTLMGMMIQSLQQ
TMD7 T™DS @ TMD9 TMD10
Hxt1 337 QQLTGDNYFFYYGTIVFQAVGLSDSFETSIVFGVVNFESTCCSLYTVDRFGRRNCLMAGAVGMVCCYVVYASVGVTRLWPNGQNNGS SKGAGNCMICFACFYIFCFATTWAPIAYVVIS
Hxt36 333 QQLTGDNYFFYYGTTVENAVGMSDSFETSIVEGVVNFESTCCSLY TVDRFGRRNCLLYGAIGMVCCYVVYASVGVTRLWPNGEGNGS SKGAGNCMIVFACFYIFCFATTWAPIPYVVVS
Hxt5 358 QQLTGDNYFFYYGTTIFQAVGLEDSFETAIVLGVVNEVSTFESLYTVDRFGRRNCLLWGCVGMICCYVVYASVGVTRLWPNGQDQPS SKGAGNCMIVEACFYIFCFATTWAPVAYVLIS
TMD11 TMD12 514 533 557 561 567

Hxt1 456 ECFPLRVKSKCMSIASAANWIWGFLISFETPFITGAINEYYGYVEMGCMVEAYFYVFFEVPETKGLSLEEVNDMYAEGVLPWKSASWVPVSKRGADYNADDLMHDDQPFYKSLF SRK-
Hxi36 452 ETFPLRVKSKAMSTATAANWLWGFLIGFFTPFITGAINFYYGYVFMGCLVEMFFYVLLVVPETRGLTLEEVNTMWEEGVLPHKEASWYVPPSRRGANYDAEEMAHDD) LYBRMESTH-
Hxt5 477 ESYPLRVRGKAMSIASACNWIWGFLISFFTPFITSAINFYYGYVEMGCMVFAYFYVFFFVPETKGLTLEEVNEMYEENVLPWKSTKWIPPSRRTTDYDLDATRNDPRPFYKRMFTKER
Fig. 1 Alignment of Hxt1, Hxt36, and Hxt5 transporters. The lysine residues mutated in the respective hexose transporters are boxed, and the trans-
membrane domains (TMDs) are shaded gray. The position of the asparagine residue in Hxt36 that was mutated to an alanine to obtain Hxt36-N367A
mutant is indicated with an arrow. Numbering of the targeted lysine residues is for Hxt36
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Fig. 2 Growth of strain DS68625 over-expressing Hxt36 (a) and Hxt36 N367A (b) on 2 % p-xylose. Different variants of Hxt36 were used in which the
N-and C-terminal lysine residues were replaced by arginine residues (open square wt, open circle 1K, filled square 3K, filled circle 5K, and filled triangle
8K)

transferred to a medium with 2 % D-glucose or p-xylose.
Next, at various time intervals, the cellular localization
of the Hxt-GFP fusion protein was assessed by fluores-
cence microscopy. Since, the growth rate on D-xylose
(Fig. 2) and on low concentrations of D-glucose (data
not shown) by the respective lysine mutants was sig-
nificantly 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 h of growth. At that time point,
the p-glucose concentration was close to zero (data not
shown). Progressively less GFP signal was retained on the
plasma membrane over time and after 40 h hardly any
GEFP fluorescence could be localized at the cytoplasmic
membrane (Fig. 3a). Wild-type Hxt36 supported only
slow growth on xylose (Fig. 2). At the start of the growth
experiment on D-xylose (Fig. 3b, TO), still, a plasma
membrane signal was observed due to pre-culture condi-
tions on glucose but later degradation was severe as after
16 h hardly any GFP could be localized to the cytoplas-
mic membrane (Fig. 3b). In contrast, the Hxt36-3K GFP
fusion localized almost exclusively to the plasma mem-
brane independent of carbon source and the time the
strain was grown (Fig. 3a, b). 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 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 Hxtl was readily degraded when cells were
grown on D-xylose or when the D-glucose was exhausted
from the medium, whereas the Hxtl K4 mutant stably
localized to the cytoplasmic membrane, even after 40 h
(Additional file 1: Figure S2A). In contrast, with the Hxt5-
GFP fusion a slower protein degradation rate was noted
when the D-glucose was utilized, and even after 40 h, still
some of the GFP localized to the cytoplasmic membrane.
Similar results were obtained when cells were grown
on D-xylose (Additional file 1: Figure S2A). The Hxt5
K7 mutant shows improved retention (Additional file 1:
Figure S2B) but this effect was not as marked as with
Hxt36 and Hxtl. In line with this observation that Hxt5
is more stably expressed than Hxt36 and Hxt1 when cells
are grown only on D-xylose, growth on p-xylose was not
markedly improved by the Hxt5 K7 mutant (Additional
file 1: Figure S2B). It is concluded that mutagenesis of the
N-terminal lysine residues to arginine in Hxt36 and Hxt1
which is predicted to interfere with ubiquitination 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 Hxtl transporters with
mutated ubiquitination sites is likely due to decreased
protein degradation and hence more stable membrane
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Fig. 3 Membrane localization of Hxt36 and Hxt36 N367A fused to GFP with and without the 3K (K1
a) and 2 % p-xylose (b) in a 0-40 h time range. The scale bar corresponds to 5 um
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12,25,56R) mutations when grown on minimal

localization. However, the mutations may also have
altered the transport characteristics of the transporter.
To circumvent the observed differences in protein degra-
dation in the absence of D-glucose, and to assure identi-
cal growth conditions, all strains carrying the wild-type
and mutated Hxt transporters were inoculated and
grown in minimal medium containing 4 % D-maltose and
grown for only 15 h to prevent depletion of the p-malt-
ose. Although there is a marked difference in the uptake
of D-glucose (Fig. 4a) and D-xylose (Fig. 4b) between the
Hxt36 and the Hxt36 N367A mutant due to the altered
substrate specificity [10], the N-terminal lysine mutations
had little impact on the affinity of transport (Table 1).
Compared to the previously described Hxtll trans-
porter [32], the K, value for D-xylose by Hxt36 is simi-
lar (i.e., 71.8 & 3.6 mM for Hxt36 vs 84.2 &= 10.0 mM for
Hxt11) whereas the V., for xylose transport is higher
for Hxt11 (i.e., 48.1 £ 8.0 nmol/mgDW.min for Hxt36 vs
84.6 £ 2.4 nmol/mgDW.min for Hxt11) (Table 1). A simi-
lar difference in V,,, is apparent when the mutated ver-
sions of Hxt36 (N367) and Hxt11l (N366) are compared
(Table 1).

Hxt1 and Htx5 were not analyzed in detail with respect
to the sugar transport kinetics, but uptake was assessed
only at 100 mM of D-glucose or D-xylose, again using
cells grown on maltose. Also in this case, the N-terminal
lysine mutations did not affect the uptake (see Additional
file 1: Figure S3A, B). 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 Hxtl and Hxt36 in the absence of glu-
cose, and thus will support increased transport rates on
solely D-xylose.

Sugar fermentations

To investigate if the low levels of Hxt protein degrada-
tion also impact the profile in mixed sugar fermentation,
the Hxt36 wild-type and N367A mutant with and with-
out the N-terminal lysine mutations were grown anaero-
bically with 3 % Dp-glucose and 3 % D-xylose. Wild-type
Hxt36 supported the characteristic sequential consump-
tion of D-glucose and D-xylose (Fig. 5a). At the end of
fermentation, i.e., after 48 h, the p-xylose was not yet
completely consumed (3.32 g/l p-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 b-xylose were utilized
with the concomitant increase in growth (Fig. 5a) and
ethanol productivity (0.54 £ 0.03 g/Lh in Hxt36-3K vs
0.48 £ 0.04 g/Lh in Hxt36) (Additional file 1: Table S2).
Compared to an earlier study using the wild-type and the
N366A mutant of Hxt 11 [32], the ethanol productivity
appears about three times lower in this study. However,
the ethanol productivity is depending on the inoculation
ODg, and the total sugar concentration, both of which
were higher in the aforementioned study. Ethanol yield
(Yron) and specific ethanol production rate (Q pon)
were, however, similar (Additional file 1: Table S2).

In contrast to Hxt36, the Hxt36 N367A variant and its
3K mutant, both, showed co-consumption of p-glucose
and D-xylose, and there was no increased D-xylose con-
sumption rate at the end of the fermentation (Fig. 5b).
Both strains consumed all D-glucose and D-xylose within
48 h showing in the end, similar growth (Fig. 5a) and
ethanol productivity as the Hxt36-3K mutant (Additional
file 1: Table S2). It should be stressed that the greatest
benefit by the lysine mutations in D-xylose consumption
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(open square), Hxt36 N367A (filled circle), and Hxt36 N367A-3K (open circle). Errors are the standard deviation of two independent experiments

b 50

N w »
o o o

Xylose uptake (nmol/mgDW.min)
o

0 (‘_' L 1 1 1
0 50 100 150 200
Xylose concentration (mM)

Table1 K, and V,,, values for p-glucose and p-xylose
uptake by various Hxt36 transporters expressed in the Hxt

deletion strain DS68625 grown on maltose

K., (mM) Vinax (Nnmol/mg
DW.min)

Glucose Xylose Glucose Xylose
Hxt36 47+25 718+36 564£115 481+80
Hxt36-3K 26£02 586+13 580£24 424+11
Hxt36 N367A 1657 £286 328=£115 1164+144 254+£51
Hxt36 N367A-3K  197.7 £ 146 342+ 143 1243+£102 267443
Hxt1? Hxt11 334+ 2.1 842+£100 1564+£76 846+24
N366T° 1944+£479 46727 2386£74 762+48

Errors are the standard deviation of two independent experiments
@ From Ref. [34]

is expected in the strains that show bi-phasic sugar uti-
lization, as D-xylose consumption commences only
once the D-glucose is exhausted which in turn induces
turnover of the respective transporters. When cells co-
consume both sugars, p-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 (Q
ron) and ethanol productivity by both the 3K mutants
were significantly increased compared to the Hxt36
wild-type and N367A mutant transporters (Additional
file 1: Table S2). This is because the wild-type Hxt36
only supports poor growth on solely p-xylose (Fig. 2).

The Q oy is, however, corrected for the biomass and
therefore less improved. On 3 % D-glucose, there are no
major differences observed among the various transport-
ers as expected as the transporters then remain at the
membrane.

The yeast strains bearing Hxtl and Hxt5 and their
respective lysine mutants were also subjected to mixed
sugar fermentation. Compared to Hxt36, Hxtl showed
an extended fermentation time but the Hxt1K4 mutant
consumed the D-xylose faster compared to the wild type
(Additional file 1: Figure S4A) also resulting in more bio-
mass (ODg). The fermentation profile of Hxt5 is similar
to Hxt36, but both Hxt5 and the Hxt5 K7 mutant con-
sumed both sugars within 48 h. However, the remaining
D-xylose was consumed somewhat faster by the Hxt5 K7
mutant (Additional file 1: Figure S4B) compared to the
wild type in which the D-xylose consumption rates in
the absence of D-glucose (at time points 24—32 h) were
1.35 g/h £ 0.16 and 1.18 £ 0.15 g/h, respectively. Taken
together, these data suggest that mutations that pre-
vents ubiquitination in Hxt36, Hxt1l, and Hxt5 result 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 p-glu-
cose. With a reduced affinity, these systems also medi-
ate influx of p-xylose which is a critical step when cells



Nijland et al. Biotechnol Biofuels (2016) 9:158

Page 7 of 10

Concentration (g/1)
(**ao) umoin

Time (hrs)
Fig. 5 Fermentation of b-glucose and p-xylose by strain DS68625 expressing Hxt36 or Hxt36-3K (a) and Hxt36 N367A and Hxt36 N367A-3K (b).
Symbols depicted show growth (ODy; open squares), ethanol (open triangles), p-glucose (closed squares), and p-xylose (closed triangles). The 3K
mutants are shown as solid lines, and the parental transporters are indicated with dashed lines. Errors are the standard deviation of two independent
experiments

Concentration (g/l)

0 10 20 30 40 50
Time (hrs)

grow on processed lignocellulosic biomass that contains
both p-glucose and D-xylose. For industrial bioethanol
production, xylose-fermenting S. cerevisiae strains are
used but in such strains D-xylose consumption com-
mences only when the p-glucose is exhausted. For a more
robust fermentation, co-consumption of both sugars is
desired. Although several S. cerevisiae strains metabo-
lize p-xylose efficiently, uptake and, therefore, consump-
tion of D-xylose is strongly inhibited by p-glucose [10].
Although, recently, some co-consumption could be
observed depending on the specific S. cerevisiae strain
examined [33], this problem is much more efficiently
tackled by mutagenesis of endogenous Hxt transport-
ers resulting in the specific D-xylose uptake even in the
presence of D-glucose [9, 10, 32, 34]. However, many of
the Hxt proteins are rapidly degraded in the absence of
D-glucose [28] and therefore their capacity to mediate
D-xylose transport is underestimated as these transport-
ers are readily removed from the cytoplasmic membrane
by a mechanism that involves the ubiquitination-depend-
ent degradation pathway once the p-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 effec-
tively prevent ubiquitination. 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 [10] 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 industrial-like

fermentation, with high levels of b-glucose and p-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 [10] expressed in the DS68625 strain
shows co-consumption of p-glucose and p-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 sta-
bilize the expression of Hxt36 and Hxt36 N367A at the
cytoplasmic membrane when cells are grown only on
D-xylose which is consistent with the presumed role of
ubiquitination in catabolite degradation.

A recent study that analyzed glucose starvation-
induced turnover of Hxtl showed that the two N-ter-
minally located lysine residues at position 12 and 39 are
required for ubiquitination and thus degradation [20].
We mutated all N-terminally lysine residues (at posi-
tions 12, 27, 35 and 59) and obtained similar results with
respect to membrane retention. The mutations improved
Hxtl dependent D-xylose fermentation but overall the
effect was smaller than compared to Hxt36. This latter
might be due to the poorer K, value of Hxt1 for p-xylose,
i.e., 880 & 8 mM [8] vs 108 & 12 mM for Hxt36 [10].
Thus, with Hxtl, the K, 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
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fermentation. The hexose transporter Hxt5 shows a
moderate affinity for glucose affinity (10 £ 1 mM [30]),
and this transporter is differently regulated as compared
to Hxtl and Hxt3 [36] which are low-affinity glucose
transporters and expressed early during fermentations
at high glucose concentrations [20, 35]. Hxt5 is mainly
expressed at non-fermentable carbon sources and at low
growth rates [14, 30]. Also degradation of Hxt5 appears
to be different compared to Hxtl and Hxt36 since in the
stationary-phase, after addition of D-glucose, Hxt5 is
transiently phosphorylated on serine residues while no
ubiquitination could be detected [31]. 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 locali-
zation and significantly less vacuolar degradation in the
late stages of growth suggesting that ubiquitination may
also be involved in the degradation of Hxt5. Neverthe-
less, this phenomenon has little impact on the growth on
solely D-xylose or in anaerobic fermentation with p-glu-
cose 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 p-xylose uptake and therefore
metabolism.

Conclusions

Membrane localization of the low affinity hexose trans-
porters Hxtl, Hxt36, and Hxt5 is improved by arginine
replacement of the N-terminally located lysine residues
that are potentially involved in ubiquitination. Interfer-
ence with ubiquitination results in reduced catabolite
degradation and retention of the hexose transporters
also in the absence of D-glucose in the medium. Conse-
quently, an improved growth on D-xylose occurs with
cells bearing Hxtl 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 instructions. Oligonucleo-
tides 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,
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in detail, elsewhere [10]. They are made available for aca-
demic research under a strict Material Transfer Agree-
ment with DSM (contact: paul.waal-de@dsm.com). In
short, the xylose-fermenting S. cerevisiae strains are
capable of converting xylose into xylulose via an intro-
duced xylose isomerase (XI), whereupon xylulose is phos-
phorylated into xylulose-5P by xylulose kinase (Xksl).
Xylulose-5P then enters the pentose phosphate pathway.
In addition, the key enzymes of the pentose phosphate
pathway (Tall, Rpel, Rkil, and Tkil) are overexpressed.
Yeast expression plasmid pRS313 is described elsewhere
[36] and modified using the promoter and terminator
of Hxt7 [10]. Shake flask experiments at 200 rpm were
done in minimal medium supplemented with p-maltose,
D-xylose, and D-glucose as indicated. For the fermenta-
tion experiments, cells were pregrown on 2 % D-glucose
for 16 h and then used to inoculate the main fermenta-
tion at a starting ODg, of 0.2 using either 3 % D-glucose,
3 % Dp-xylose or 3 % D-glucose and 3 % D-xylose. Cells
were grown anaerobically up to 48 h. 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 H,SO, 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, express-
ing Hxt36 and Hxt36 N367A were used in a previous
study [10]. The genes HXTI and HXTS5 were amplified
on genomic DNA of the DS68616 strain [10] using the
primers listed in Additional file 1: Table S1 with the Phu-
sion® High-Fidelity PCR Master Mix with HF buffer. The
full-length DNA of HXT1 and HXT5 was amplified using
primers F HXT1 Xbal, R HXT1 Cfr9I and F HXT5 Xbal
and HXT5 Cfr9], 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 lysines
into arginines using the primers in Additional file 1:
Table S1. The C-terminal GFP fusions with Hxt36, Hxtl,
and Hxt5 and their lysine mutants were made by ampli-
fication of the corresponding genes with the Phusion®
High-Fidelity PCR Master Mix using the corresponding
forward primer (with and without lysine mutations) and
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the reverse primer without stop codon (Additional file 1:
Table S1).

Fluorescence microscopy

Fresh colonies of the transformants expressing the vari-
ous 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 ODyg, of 0.1.
To determine the cellular localization, after 0, 16, 24,
and 40 h, the fluorescence was analyzed using a Nikon
Eclipse-Ti microscope equipped with a 100x oil immer-
sion 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 h in shake flasks in minimal medium
containing 4 % D-maltose and were collected by cen-
trifugation (3000 rpm, 3 min, 20 °C), washed and re-sus-
pended in minimal medium without carbon source. [1*C]
p-xylose or ["*C] p-glucose stocks were added to the cell
suspension, and the reaction was stopped, after 15 s for
D-glucose and 60 s for p-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 pm HV
membrane filters (Milipore, France) and counted by Liq-
uid Scintillation Counter (Perkin-Elmer, USA). p-xylose
and D-glucose concentrations were varied from 0.5 to
200 mM and 0.1 to 250 mM, respectively.

Additional file

[ Additional file 1. Additional data. J
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BP: base pair; GFP: green fluorescence protein; HXT: hexose transporter; OD:
optical density; PCR: polymerase chain reaction.
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