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Abstract

During high gravity fermentation, a set of hexose transporters in yeasts plays an important role in efficient sugar transport.
However, hexose transporters have been studied mainly in the Saccharomyces cerevisiae model and at low or moderate sugar
concentrations. The hexose transporters are still poorly understood in the industrial glycerol producer Candida glycerinogenes,
which assimilates sugar efficiently at high glucose concentration. To explore these hexose transporters, 14 candidates were
identified using a hidden Markov model and characterized. Five of these functioned as hexose transporters when expressed in
S. cerevisiae. In particular, CgHxt4 showed the highest efficiency of glucose transport at elevated glucose concentration among a
group of transporters including Hxtl and Hxt7 from S. cerevisiae. QRT-PCR in C. glycerinogenes revealed that transcription of
CgHXT4 was induced by high glucose concentrations while fluorescence localization analysis indicated that CgHxt4 remained
relatively stable on the membrane under these conditions. In addition, site-directed mutagenesis revealed that the asparagine 329
from CgHxt4, located in the YYX(T/P) conserved motif of hexose transporters, promoted an increased glucose transport.
Overexpressing CgHXT4 in S. cerevisiae enhanced glucose consumption and ethanol production more effectively at high glucose
concentrations than ScHXT1, the most significant native transporter from S. cerevisiae. These results indicate that CgHxt4 plays
an important role in the fermentation process as a hexose transporter with strong transport activity and efficient expression
regulation at high glucose concentrations.

Keywords Candida glycerinogenes - Expression regulation - Hexose transporter - High glucose concentration - Transport
efficiency

Introduction

High gravity fermentation (HGF) is an economical and en-
vironmentally friendly technology using high concentra-
tions of substrate which allows increases in product titer
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and prevents bacterial contamination. It also reduces energy
consumption at the industrial scale (Chao et al. 2017).
However, at high sugar concentrations, the activity of
Saccharomyces cerevisiae is severely inhibited, which
limits the efficiency of sugar conversion and the ultimate
yield of products (Arshad et al. 2017). Thus, fermentation is
usually restricted to sugar concentrations <200 g/L.
Candida glycerinogenes, an osmotolerant yeast, quickly
adapts to HGF conditions (> 500 g/L glucose) and then
rapidly and efficiently converts glucose to ethanol and
glycerol (Hairu et al. 2003; Zhuge et al. 2001). A prerequi-
site for effective glucose utilization under these conditions
is the activity of glucose transporters in the presence of high
substrate concentrations (Dimarco and Romano 1985;
Tanino et al. 2012; Zhang et al. 2017).

Many studies have characterized S. cerevisiae hexose
transporters (HXT), which are responsible for sugar uptake
in this yeast (Ozcan and Johnston 1999). S. cerevisiae contains
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18 hexose transporter genes (HX71—17 and GAL2) that belong
to the sugar porter family-TCDB 2.A.1.1, which with certain
conserved structures, such as 12 hydrophobic transmembrane
domains, five conserved sequence motifs, and the cytosolic
amino- and carboxyl-terminal regions (Leandro et al. 2009).
However, only eight of them are transcribed as major sugar
transporters under moderate or low concentrations of sugar
(Ozcan and Johnston 1999). These HXTs show variant activ-
ities and specificities compared to other glucose transporters
(Wieczorke et al. 1999). Further modifications of the con-
served motifs by genetic engineering improved the activities
and altered the specificities of the HXTs, leading to better
fermentation performance (Wang et al. 2015; Wang et al.
2016; Zhang et al. 2015b). In addition, many studies have
indicated that the transcription of HXT genes is regulated by
different substrate concentrations and physiological states
through transcription factors (Kim et al. 2015; Tomas-Cobos
et al. 2004). The ubiquitin-mediated endocytosis of HXTs is
another important regulation mechanism that also affects
transport persistence (Nijland et al. 2016). The expression
levels and stabilities of HXTs were significantly strengthened
through engineering the transcription factors and
ubiquitination of the sugar transport system, leading to more
efficient cell growth and product titer (Nijland et al. 2017; Sen
et al. 2016).

Although hexose transporters have been intensively stud-
ied in the S. cerevisiae model, information for industrial
strains is still scarce (Leandro et al. 2009), especially on
C. glycerinogenes, which has otherwise been subject to exten-
sive research on its physiological mechanisms (Xie et al.
2009; Yongguang et al. 2007; Zong et al. 2016). Moreover,
previous research on sugar transporters has generally focused
on moderate glucose concentrations (Leandro et al. 2009).
The characteristics and the regulatory mechanisms of hexose
transport under HGF conditions are poorly understood (Zhang
et al. 2015a). Because of the efficient carbohydrate assimila-
tion of C. glycerinogenes during HGF, it is useful to study
hexose transport in this yeast to gain insight into the factors
influencing rapid utilization of glucose when present at high
concentration. In this study, hexose transporters from
C. glycerinogenes were identified by homology detection
using a hidden Markov model and characterized in a /xz-null
S. cerevisiae (Wieczorke et al. 1999). Transcriptional regula-
tion, membrane stability regulation, and the important resi-
dues of the identified hexose transporters were then analyzed.

Materials and methods
Molecular biology techniques and chemicals

DNA polymerase, restriction enzymes, and T4 DNA ligase
were purchased from Takara (Dalian, China). TRIzon
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Reagent and SYBR Green were acquired from CWBIO
(Beijing, China). The reverse transcription reagent (HiScript
II Q RT SuperMix for qPCR) was obtained from Vazyme
(Nanjing, China). The plasmid extraction kit and PCR product
purification kit were purchased from Sangon Biotech
(Shanghai, China), which also carried out sequencing and
synthesis of primers. Yeast extract and peptone were acquired
from OXOID (Basingstoke, England). Yeast nitrogen base
was obtained from BBI (Toronto, Canada).

Strains and culture conditions

The strains used in this study are listed in Table S1.
Escherichia coli IM109 was routinely used as the host for
plasmid construction. S. cerevisiae EBY.VW4000
(CEN.PK2-1C Ahxti-17 Agal2 Astll Aagtl Amph?2
Amph3), a gift generously provided by Prof. E. Boles, is un-
able to transport hexose and was used for complementary
growth tests and fluorescence localization analysis to charac-
terize the performance of hexose transporters (Wieczorke et al.
1999). C. glycerinogenes WL2002-5 (Saccharomycetales,
Saccharomycetales incertae sedis, Candida in NCBI data-
base, CCTCC M 93018) was used for gene cloning and tran-
scriptional analysis (Zhuge et al. 2001).

For maintenance, C. glycerinogenes WL2002-5,
S. cerevisiae CEN.PK2-1C, and the derivatives of
CEN.PK2-1C were grown aerobically (30 °C, 100 rpm in
reciprocating shake flasks) on YPD medium formulated with
20 or 250 g/L glucose. S. cerevisiae EBY.VW4000 and its
derivatives were cultured in minimal medium (YNB), which
consisted of 6.7 g/L yeast nitrogen base (without amino acids
and ammonium sulfate), 20 or 200 g/L individual sugars
(maltose, glucose, fructose, mannose, or galactose), and sup-
plemented with uracil (20 mg/L), leucine (60 mg/L), trypto-
phan (20 mg/L), or histidine (20 mg/L). E. coli IM109 was
grown in Luria-Bertani (LB) medium at 37 °C with 100 png/
mL ampicillin for selection of recombinant plasmids.

Screening and cloning of sugar transporter genes
from C. glycerinogenes

The sugar transporter hidden Markov model (PF00083), built
from the sugar transporter sequences of several organisms,
was obtained from the Pfam database (Finn et al. 2016). The
candidate hexose transporters were screened by the HMMER
v3.0 tool (Eddy 2009) with this model using the genomic
information of Pichia kudriavzevii (teleomorph of
C. glycerinogenes). The screened candidate genes were then
amplified from the genomic DNA of C. glycerinogenes with
the appropriate primers (Table S2). The obtained DNA frag-
ments were digested and inserted into the 2u-based plasmid
pYX212 using the constitutive triosephosphate isomerase
(TPI) promoter to generate recombinant plasmids (Table S3,
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Fig. S1). The green fluorescent protein gene (GFP) fragment
was cloned and inserted into the Sall and Xhol sites of
pYX212, generating the recombinant plasmid pYX212-
GFP. Then, the HXT gene fragments without stop codon were
inserted into the BamHI and Sa/l sites of the plasmid pYX212-
GFP for fluorescence localization analysis (Fig. S1b). For
site-specific mutagenesis, CgHXT4 was separated into two
fragments with a 25-bp overlapping region and amplified
using designed primers to introduce the required mutations
(Table S2), respectively. Subsequently, the two fragments
were amplified into a complete sequence through overlap
PCR (Shin et al. 2017; Xiao and Pei 2011).

Growth tests for recombinant S. cerevisiae

The recombinant plasmids containing the sugar transporter
candidate genes were transformed into the Axz-null
S. cerevisiae EBY.VW4000 and selected on YNB medium
containing 20 g/L maltose as the sole carbon source to isolate
the different recombinant S. cerevisiae (Table S1). The obtain-
ed recombinant yeasts were incubated in liquid YNB medium
formulated with 20 g/L maltose. The cells were collected by
centrifugation and washed twice in sterile distilled water. For
drop-test assays, cell suspensions standardized to the ODg( of
1- and 10-fold serial dilutions (from 10° to 10~%) were spotted
onto YNB solid medium with 20 g/L sole carbon source (glu-
cose, fructose, mannose, or galactose) for 2.5 days at 30 °C.
For liquid culture tests, the washed recombinant strains were
diluted to ODggq that was 1. And then the recombinant strains
were cultivated aerobically (30 °C, 100 rpm in reciprocating
shake flasks) with 1% inoculation for 2 days in liquid YNB
medium with 20 or 200 g/L glucose as carbon source.

Glucose and ethanol quantitation

Residual glucose and ethanol in the culture supernatants were
determined by high-pressure liquid chromatography (HPLC)
analysis. The samples after filtration were analyzed using an
HPX-87H Aminex ion exchange column (300 x 7.8 mm; Bio-
Rad) at 60 °C, eluted with 5 mM H,SO, at a flow rate of
0.6 mL/min. A differential refractive index detector was
employed (Shodex RI-101, Dionex, Japan).

Transcription analysis

C. glycerinogenes samples cultured up to the mid-exponential
growth phase in YNB medium with 2, 20, and 200 g/L glu-
cose concentration were collected. In addition, parts of the
cells obtained from the medium containing 20 g/L glucose
were then incubated with 20 g/L glucose YNB medium with
and without supplementation of 0.5 M NaCl.

After collection of cells by centrifugation, the total RNA
was extracted according to the previous protocols (Ji et al.

2014). HiScript II Q RT SuperMix for gPCR (Vazyme) was
then used to synthesize cDNA from the RNA following the
manufacturer’s instructions. The expression levels of
CgHXT4 were determined using a Bio-Rad CFX96 Real-
Time PCR system with the UltraSYBR Mixture (CWBIO),
according to the kit manual. The relative transcription levels
were calculated and analyzed via the 2~“2“" method (Livak
and Schmittgen 2001).

Fluorescence microscopy

S. cerevisiae EBY.VW400 strains harboring the HXT-GFP
fusion proteins were grown in liquid YNB medium supple-
mented with 200 g/L glucose at 30 °C. Cells were taken at set
intervals, washed with PBS, and viewed with a Leica TCS
SP8 Confocal System microscope (Wetzlar, Germany).

3D structural modeling and protein sequence
alignment

All the 3D models of hexose transporters were predicted and
constructed using the SWISS-MODEL (http://www.
swissmodel.expasy.org). The multiple protein sequence
alignments were implemented with ClustalX2 (Larkin et al.
2007).

The accession numbers of nucleotide sequences

Identified hexose transporter genes from C. glycerinogenes
were sequenced by Sangon Biotech (Shanghai, China) and
deposited in the National Center for Biotechnology
Information (NCBI). CgHXT1—-12 have the GenBank acces-
sion numbers MG548725 to MG548736.

Results

Glucose consumption performance
of C. glycerinogenes at high glucose concentration

The glucose consumption, cell growth, and ethanol produc-
tion of C. glycerinogenes and S. cerevisiae CEN.PK2-1C
were analyzed in YPD medium formulated with 250 g/L glu-
cose. As shown in Table S4, the maximum specific growth
rate of C. glycerinogenes was about 1.3 times greater than that
of S. cerevisiae CEN.PK2-1C, leading to a biomass >46%
higher than for S. cerevisiae CEN.PK2-1C at 33 h (Fig. 1).
In addition, the ethanol titer and the maximum specific ethanol
production rate of C. glycerinogenes were 23 and 30% higher,
respectively, than those of S. cerevisiae CEN.PK2-1C (Fig. 1,
Table S4). Moreover, the maximum specific glucose con-
sumption rate of S. cerevisiae CEN.PK2-1C was only 60%
that of C. glycerinogenes, resulting in 4.9-fold higher residual
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glucose in the former at the end of fermentation (Fig. 1,
Table S4). As a result of its superior specific glucose con-
sumption rate, C. glycerinogenes exhibited better growth
and ethanol production, suggesting the existence of an effi-
cient sugar transport system in C. glycerinogenes under HGF
conditions.

Identification of sugar transporters
in C. glycerinogenes

Sugar transporter-like candidate genes in C. glycerinogenes
were screened by the hidden Markov model (PF00083) from
the genomic information of Pichia kudriavzevii (Finn et al.
2016; Sloothaak et al. 2016). Fourteen sugar transporter-like
(SP) candidates with scores >200 were selected for further
investigation. Phylogenetic analysis of these 14 SP candi-
dates, which may possess sugar transport function, is shown
in Fig. S2.

To confirm and characterize the sugar transport activ-
ities and specificities of the selected SP candidates, they
were complemented into S. cerevisiae EBY.VW4000, an
hxt-null strain unable to grow on a variety of monosac-
charides (Wieczorke et al. 1999). All the recombinant
strains grew on maltose with similar growth states
(Fig. 2). Five of these SP candidate proteins were iden-
tified as hexose transporters CgHxts 1, 2, and 4-6.
They were able to restore the growth of S. cerevisiae
EBY.VW4000 on YNB medium containing 20 g/L of
the single saccharides, glucose, fructose, mannose, or
galactose (Fig. 2). Complementation of S. cerevisiae
EBY.VW4000 with CgHxtl marginally recovered cell
growth on all of sugars tested. CgHxt5 also showed
limited ability to rescue cell growth of the recombinants
on glucose and fructose, but not on mannose and galac-
tose. In contrast, CgHxt2 and CgHxt6 largely recovered
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the activities on glucose, fructose, and mannose, with slightly
weaker growth of the strains on galactose. Notably,
S. cerevisiae EBY.VW4000 complemented with CgHxt4 that
grew vigorously on glucose, fructose, and mannose, but nor-
mally on galactose.

CgHXT4 encoded a sugar transporter with greater
efficiency at high glucose concentrations

We further investigated CgHxt4 and CgHxt6, which showed
better abilities to rescue the growths of the S. cerevisiae mu-
tants. Biomass and residual glucose were monitored in shake
flasks containing YNB medium with 20 and 200 g/L glucose.
ScHxtl and ScHxt7, the major glucose transporters with the
greatest effect in S. cerevisiae, were chosen as the controls
(Kim et al. 2015; Reifenberger et al. 1997; Rossi et al.
2010). All the recombinants harboring the HXTs improved
sugar transport at both glucose concentrations (Fig. 3).
Glucose consumption and cell growth of recombinant
S. cerevisiae EBY/CgHXT6 were lower than those of the
hxt-null mutants complemented with ScHX7s (Fig. 3). In con-
trast, although the cell growth and glucose consumption of
EBY/CgHXT4, EBY/ScHXT1, and EBY/ScHXT7 were simi-
lar at 20 g/L glucose concentration (Fig. 3a, b), S. cerevisiae
EBY/CgHXT4 adapted to the high glucose (200 g/L) environ-
ment more quickly, with biomass > 38 and >25% higher than
those of EBY/ScHXT1 and EBY/ScHXT?7 at 24 h (Fig. 3¢). In
addition, the maximum specific glucose consumption rate of
S. cerevisiae EBY/CgHXT4 at 200 g/L glucose concentration
was 2.22- and 1.42-fold greater than those of EBY/ScHXT]

Fig. 2 Growth test of S. cerevisiae hxt-null mutants complemented with P>
various sugar transporter candidate genes. The recombinants were grown
on YNB plates with 20 g/L of glucose (a), fructose (b), mannose (c),
galactose (d), or maltose (e). The Axz-null S. cerevisiae complemented
with pYX212 was used as a control; maltose was positive control
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and EBY/ScHXT?7, respectively (Table S5). Accordingly, the
glucose consumption of both ScHX7s complementing strains
was only 80% that of EBY/CgHXT4 at the end of high glucose
fermentation (Fig. 3d). It has been reported that the specific
rates of growth and glucose consumption may be employed as
surrogates for glucose transport capacities of cells (Wang et al.
2016; Young et al. 2011). Thus, CgHxt4 had a better ability to
improve glucose consumption and cell growth than other
HXTs, indicating that it was an active sugar transporter con-
tributing to more efficient carbohydrate assimilation at high
glucose concentration.

Inducible expression of CgHXT4 by osmotic pressure

To investigate inducible expression of CgHXT4 by osmotic
pressure, mRNA levels of CeHXT4 in C. glycerinogenes were
analyzed after growth under difference concentrations of glu-
cose and NaCl. As shown in Fig. 4a, transcription of CgHXT4
was significantly induced with increasing glucose concentra-
tion. Notably, at high glucose (200 g/L glucose), there was
much greater induction of transcription of CgHXT4 than at
20 g/L. Moreover, after incubation for 20 min with 20 g/L
glucose plus 0.5 M NaCl, the expression level of CgHXT4

Fig. 4 Transcriptional levels of a 2 g/L glucose b [ 120 g/L glucose
CgHXT4 under different 10 20 g/L glucose 3.5 I 20 g/L glucose+0.5 M NaCl
conditions. a Transcriptional ] - 200 g/L glucose 1
levels of CgHXT4 under different 304
concentrations of glucose. b © 84 ©
Transcriptional levels of CgHXT4 5 5
with or without NaCl incubation. % % 2.51
The treatment of samples was c c
carried out according to 8 61 8 2.0
“Materials and methods.” mRNA g‘ g'
expression levels were measured 2 2 154
by qRT-PCR and normalized to s 4 1 s
18S rDNA. The transcriptional = =
levels relative to those of wild- g g 1.0
type control are indicated with " 2- s
standard deviations of three o) o 05-
independent experiments 12 1 ,; 12
0 T 0.0 ]
CgHXT4 CgHXT4
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greatly increased relative to incubation with 20 g/L glucose
alone (Fig. 4b). These results suggest that expression of
CgHXT4 is induced by osmotic pressure.

The membrane stability of CgHxt4 at high
extracellular glucose concentration

Hexose transporter adaptation to complex and changing envi-
ronments is regulated by mRNA expression levels and also by
ubiquitin-mediated endocytosis. This causes hexose trans-
porters to be removed from the membrane under certain fer-
mentation conditions (Kruckeberg et al. 1999). To visualize
membrane stability of CgHxt4, we compared subcellular lo-
calization of CgHxt4 and ScHXTs tagged with fluorescence
protein during culture with 200 g/L glucose (Malinska et al.
2003). All the HXT-GFP fusion proteins were expressed and
localized in the cell membrane during the whole course of
culture (Fig. 5). Obvious endocytosis of ScHxt7 was observed
at an early stage of fermentation (3 h). The results showed that
ScHxtl and CgHxt4 were both much more stable on the

Fig. 5 Subcellular localization of

sugar transporters. EBY.VW4000

strains harboring HXT-GFP

fusion proteins were grown over

0-24 h in YNB medium

formulated with 200 g/L glucose 3h

6h

12h

24 h

ScHXT1

membrane than ScHxt7 at up to 12 h. Further, fluorescence
in the cytoplasm of EBY/ScHXTI-GFP was relatively more
intensive than that of EBY/CgHXT4-GFP at the same stage of
fermentation. During the late phase of fermentation, all three
transporters showed significant degradation under high glu-
cose concentration, although CgHxt4 was the least affected. In
addition, a prediction of protein ubiquitination sites through
UbPred (http://www.ubpred.org) revealed that the numbers
and associated confidence of N-terminal ubiquitinated resi-
dues of CgHxt4 were relatively lower than those of ScHxtl1
and ScHxt7 (Table S6). These results suggest that membrane
stability of CgHxt4 is significantly better than for ScHxt1 and
ScHxt7.

Site-specific mutagenesis at the N329 of CgHxt4

The YYX(T/P) motif has been identified as a “gate” control-
ling the activity and specificity of sugar transporters (Wang
et al. 2016). Amino acid sequence alignment of HXTs from
C. glycerinogenes and S. cerevisiae showed that asparagine

ScHXT7

CgHXT4
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N329 from CgHxt4 occupied the fourth amino acid of the
YYX(T/P) conserved motif, unlike other transporters (Fig.
S3). Several CgHxt4 variants with site-specific mutagenesis
replacing N329 were created to explore the relationship be-
tween amino acid properties and sugar transport efficiency. As
shown in Fig. 6a, b, at 200 g/L glucose concentration, cell
growth and glucose consumption of strains that
complemented with the mutant CgHxt4s were all weaker than
for the wild type. The N329F and N329W single mutations of
CgHxt4 removed the sugar transport function. Relative to oth-
er CgHxt4 mutants, those containing N329A, N329G, and
N329K showed a longer lag period, although they still sup-
ported transport of glucose. Threonine (T) and proline (P), the
usual amino acids at position 4 of the YYX(T/P) motif, both
supported relatively high glucose transport capacity when re-
placing N329 in CgHxt4, but cell growth and glucose con-
sumption of the recombinants containing N329T and N329P
were < 80% of the native strain. In addition, CgHxt4-N329D
and CgHxt4-N329Q showed efficiencies of sugar transport
similar to CgHxt4-N329T and CgHxt4-N329P. None of the

—o— CgHxt4 WT —m— CgHxt4 N329A
—eo— CgHxt4 N329D —a— CgHxt4 N329F

site-directed mutations had much effect on membrane locali-
zation and stability of transporters (Fig. 6¢). These results
suggest that the N329 in CgHxt4 is vital to high glucose trans-
port efficiency and a factor in the dominant sugar transport
capacity of CgHxt4.

Improvement of ethanol production
by overexpressing CgHXT4

Since CgHxt4 exhibited better performance under high glu-
cose concentration, CgHXT4 was overexpressed in
S. cerevisiae CEN.PK2-1C using the vector pYX212.
ScHxtl, a high efficiency glucose transporter in
S. cerevisiae, was overexpressed as a control. As shown in
Fig. 7, from the beginning of fermentation, CEN/CgHXT4
showed higher cell growth, glucose consumption, and ethanol
production rates. The glucose consumption of both strains was
correlated with ethanol titer. After further cultivation to 32 h,
cell growth and glucose consumption of CEN/CgHXT4 were
respectively about 5 and 16% higher than those of the control.

a --v-- CgHxt4 N329G —e— CgHxt4 N329K b
—<«— CgHxt4 N329P --»- CgHxt4 N329Q 195
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Fig. 6 Performance of CgHxt4 mutants. a Cell growth. b Glucose consumption. ¢ Subcellular localization. The recombinants were grown on YNB
medium with 200 g/L glucose. The hxt-null S. cerevisiae complemented with wild-type CgHxt4 was used as control
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Fig. 7 Ethanol fermentation at high glucose concentration. Residual
glucose (squares), biomass (circles), and ethanol yield (triangles) of
CEN/CgHXT4 (open) and CEN/ScHXT! (closed) were determined

Ethanol titer was increased by over 17%. These results further
indicate that CgHxt4 is a high-activity glucose transporter and
shows potential application for improving cell growth and
product synthesis under HGF conditions.

Discussion

As the first step in the biological fermentation process, sugar
transport in yeast depends on the expression and activity of
hexose transporters (Boles and Hollenberg 1997; Ozcan and
Johnston 1999). The 14 SP candidates we identified in the
osmophilic yeast C. glycerinogenes shared some conserved
structures of the sugar porter family (Leandro et al. 2009).
However, only five SP candidates showed the ability to recov-
er sugar uptake in a knock-out strain. The other proteins might
be a sugar transport cooperator (Reis et al. 2013) or trans-
porters for glycerol, gluconate, and inositol, which have struc-
tures similar to hexose transporters (Duskova et al. 2015;
Heiland et al. 2000; Pereira et al. 2014).

Cell growth and glucose consumption analyses indicated
that CgHxt4 is a more efficient hexose transporter than other
HXTs from C. glycerinogenes and S. cerevisiae. The activity
of sugar transporters is closely related to certain important
sequences, including G-G/F-XXX-G, YFFYY, and
YYX(T/P) (Li et al. 2016; Wang et al. 2017; Young et al.
2014). The highly conserved YYX(T/P) motif located in the
extracellular end of transmembrane helix 7 (TM7) has been
identified as a “gate” for the solvent-accessible channel which
plays an important role in controlling the activity and speci-
ficity of sugar transporters (Wang et al. 2016). Notably, the
fourth amino acid of the YYX(T/P) motif in CgHxt4 is aspar-
agine (Fig. S3) and wild-type CgHxt4 showed the highest
efficiency of glucose transport relative to all the tested vari-
ants. It is possible that large and nonpolar residues (Fig. S4 a),
such as phenylalanine and tryptophan, may create steric ex-
clusion and obstruct entry of glucose to the solvent-accessible

channel (Wang et al. 2016). In contrast, the hydrophilic side
chains of some of other amino acids can interact with glucose.
Most CgHxt4 mutants with N329 replaced by a hydrophilic
amino acid showed relatively high glucose transport efficien-
cies. Nevertheless, hydrophilic residues with too-long or too-
short side chains at N329 of CgHxt4 permitted only limited
glucose transport (Fig. S4 b and ¢). A hydrophilic amino acid
residue of appropriate size may avoid any steric hindrance and
facilitate better hydrophilic interactions between the residue
and sugar molecules. The slightly longer hydrophilic group of
asparagine in CgHxt4 is in particular more likely to form
hydrophilic interaction with the hydroxyls on glucose mole-
cules, thus promoting their entry into the solvent-accessible
channel (Fig. S4 e). Although asparagine and glutamine have
very similar properties, there is an extra carbon in the back-
bone of glutamine. This extra carbon seems to cause a steric
hindrance, which may be responsible for decreasing glucose
uptake (Fig. S4 d).

In addition, membrane stability of hexose transporters can
greatly influence the constancy of sugar transport in the fer-
mentation process (Shin et al. 2017). Ubiquitin-mediated en-
docytosis is the most important recognized mechanism regu-
lating membrane stability of hexose transporters. Ubiquitin is
typically linked to the target protein by covalent bonding to a
lysine residue (Finley et al. 2012). Studies have shown that for
many hexose transporters, the target lysine residues for
ubiquitination are located near the N-terminus (Nijland et al.
2016; Roy et al. 2014; Shin et al. 2017). Fluorescence local-
ization analysis confirmed that CgHxt4 was more stable than
ScHxtl or ScHxt7 in the plasma membrane. This is consistent
with predictions that CgHxt4 has fewer ubiquitination sites
(and those are of lower confidence) than the S. cerevisiae
transporters (Table S6).

In addition to characterization of hexose transporters, tran-
scriptional studies were used to elucidate the relationship be-
tween CgHXT4 and the efficient sugar assimilation in
C. glycerinogenes at high glucose concentrations. The expres-
sion of most hexose transporters is tightly regulated by con-
ditions including glucose concentration/starvation, osmotic
pressure, and the physiological state of the cells (Greatrix
and van Vuuren 2006). Similar to ScHXT! in S. cerevisiae,
transcription of CgHXT4 is highly induced by elevated con-
centrations of glucose or NaCl (Greatrix and van Vuuren
2006). Previous studies have shown that expression of
ScHXT1 is also activated by sugar-induced osmotic stress,
which required the coordinated activities of HOG! (Tomas-
Cobos et al. 2004). Moreover, CgHOG1 plays an important
role in cell tolerance and excessive glycerol synthesis in
C. glycerinogenes (Ji et al. 2016). The absence of CgHOG!
significantly inhibited cell growth and glycerol overproduc-
tion in C. glycerinogenes at high glucose concentrations.
Hence, the expression of CgHXT4 is also likely to be regulat-
ed by CgHOG].
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Taken together, a set of hexose transporters from
C. glycerinogenes were characterized and five candidates
identified as active substrate transporters, of which CgHxt4
was the most effective glucose transporter. Further, the expres-
sion of CgHXT4 was significantly induced by sugar-induced
osmotic stress. The slightly longer hydrophilic side chain of
N329 in the conserved motif and the better membrane stability
might be responsible for its high transport efficiency. At high
glucose concentrations, overexpression of CgHXT74 also led to
a significant increase in glucose consumption, cell growth,
and ethanol production compared with ScHXT1. The results
presented here provide new information about the excellent
substrate transport and ethanol synthesis abilities of
C. glycerinogenes under high glucose conditions.
Identification and characterization of five CgHxts provide a
deeper understanding of the potential mechanisms of hexose
transport and suggest further applications of genetic engineer-
ing to improve substrate transport and fermentation perfor-
mance under HGF conditions.
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