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Abstract

Simultaneous co-fermentation of glucose and xylose is a key desired trait of engineered
Saccharomyces cerevisiae for efficient and rapid production of biofuels and chemi-
cals. However, glucose strongly inhibits xylose transport by endogenous hexose trans-
porters of S. cerevisiae. We identified structurally distant sugar transporters (Lipomyces
starkeyi LST1_205437 and Arabidopsis thaliana AtSWEET7) capable of co-transporting
glucose and xylose from previously unexplored oleaginous yeasts and plants. Kinetic
analysis showed that LST1_205437 had lenient glucose inhibition on xylose trans-
port and AtSWEET7 transported glucose and xylose simultaneously with no inhibition.
Modelling studies of LST1_205437 revealed that Ala335 residue at sugar binding site
can accommodates both glucose and xylose. Docking studies with AtSWEET7 revealed
that Trp59, Trp183, Asn145, and Asn179 residues stabilized the interactions with sug-
ars, allowing both xylose and glucose to be co-transported. In addition, we altered
sugar preference of LST1_205437 by single amino acid mutation at Asn365. Our find-
ings provide a new mechanistic insight on glucose and xylose transport mechanism of
sugar transporters and the identified sugar transporters can be employed to develop

engineered yeast strains for producing cellulosic biofuels and chemicals.

KEYWORDS
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however, is not native to Saccharomyces cerevisiae, which has been

used for the production of corn and sugarcane ethanol. A number

Glucose and xylose are the two most abundant sugars in lignocellulosic
biomass.t! The development of efficient and economical processes
for the conversion of lignocellulosic biomass into various biofuels,
chemicals and bioproducts requires microorganisms capable of uti-
lizing both sugars if possible simultaneously.[2] Xylose metabolism,

of studies have demonstrated that S. cerevisiae can be engineered
to efficiently utilize xylose.[3-101 However, xylose transport in these
engineered strains is subject to glucose repression, which leads to
sequential utilization of glucose and xylose rather than simultaneous

co-utilization. Glucose repression in a xylose-fermenting engineered
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S. cerevisiae is initiated from glucose inhibition on xylose uptake by
endogenous sugar transporters.!11-14]

S. cerevisiae has at least 18 hexose transporters. However, dedicated
xylose transporters in S. cerevisiae have not been reported. Xylose
transport in S. cerevisiae is facilitated by actively expressed hexose
transporters (HXT1-7 and GAL2) as HXT8-HXT17 are either inactive
(not transcribed) or cryptic.[121514] Although these hexose trans-
porters can facilitate efficient xylose utilization when it is the sole
sugar, the presence of glucose completely inhibits xylose uptake due
to the higher affinity of the sugar transporters toward glucose.[16! As
such, glucose inhibition of xylose transport has been considered as a
bottleneck preventing simultaneous co-fermentation of glucose and
xylose. Several attempts have been made to bypass glucose inhibition
in mixed-sugar fermentations. Ha et al. developed an engineered yeast
strain capable of co-fermenting cellobiose, a dimer of glucose, and
xylose; thus, avoiding inhibition of xylose transport by glucose.!1”]
However, this strategy does not allow co-fermentation of monomeric
sugars present in cellulosic hydrolysates generated by matured pre-
treatment and enzymatic hydrolysis processes.[18:19] Therefore, many
studies have focused on identifying xylose specific transporters from
xylose-fermenting yeast species, such as Pichia stipitis and Candida
intermedia.[2921] Although heterologous expression of the identified
xylose transporters in a S. cerevisiae lacking hexose sugar transporters
conferred growth on xylose, glucose inhibition on xylose transport
was still observed.[2021] |n addition to bioprospecting, rational and
directed-evolution approaches have led to the development of xylose
transporters not inhibited by glucose.[22-26] Using rational mutagene-
sis, Young et al. reported a conserved amino-acid motif responsible for
monosaccharide selectivity in sugar transporters conferring growth on
xylose. Further, mutation of the conserved monosaccharide recogni-
tion motifs led to a designed transporter for xylose transport. However,
the transporter could not transport glucose and xylose simultaneously,
leaving the co-fermentation problem open.[26] Farwick et al. employed
adaptive laboratory evolution of an individual sugar transporter, using
a xylose-utilizing strain of S. cerevisiae lacking all hexose transporters
and with disrupted glycolysis, to identify evolved hexose transporters
insensitive to glucose repression. The authors discovered two amino-
acid residues (Asn376/370 and Thr219/213) of Gal2 and Hxt7 that are
essential for co-transport of glucose and xylose. However, modifying
these two residues resulted in reduced rates of glucose and xylose
transport.!22] Using similar approach Shin et al., identified Asn366
residue mutation (same as in ScGal2/Hxt7 Asn376/370) in Hxt11 that
enabled simultaneous glucose and xylose co-fermentation.[25!]

While the rational design approach led to promising results, we
aimed to expand bioprospecting in the search of native glucose and
xylose co-transporters. Oleaginous yeasts, such as Rhodosporidum toru-
loides and Lipomyces starkeyi are receiving more attention as an alter-
native cell factory for lipid and acetyl-CoA based products given their
ability to naturally consume most of the sugars including hemicel-
lulose derived glucose and xylose.[27:28] Recently, genome sequence
of R. toruloides and L. starkeyi have been reconstructed and anno-
tated, allowing search for putative xylose transporters.[2%:30) Accord-

ing to our xylose transporter search criteria based on conserved motif

G[G/FIXXXGI26] and Thr213 and Asn370 residues,[22] both species
contained 8 putative xylose transporters.

In contrast to yeast transporters, the mechanism of xylose transport
by SWEETSs has not been studied so far. SWEETs are newly discovered
family of transporters with distinct 7 transmembrane (TM) structure,
which play a key role in plant development and sugar transloca-
tion within the plant phloem.[31] SWEETs are comprised by seven
TM domains, where the N-terminal three helixes shares sequence
similarity to C-terminal three helixes, connected by non-conserved
fourth domain.[32-35] Previous studies on Arabidopsis thaliana SWEETs
demonstrated functional expression of the transporters in yeast, con-
ferring growth on glucose.[3236:34] Recently, Podolsky et al., identified
novel fungal SWEET from anaerobic fungi (Neocallimastigomycota)
which demonstrated co-consumption of glucose and xylose in S.
cerevisiae.[37]

In this study we aimed to investigate an ability of putative xylose
transporters from R. toruloides IFO0880 and L. starkeyi NRRL Y-11557
and SWEET transporters from A. thaliana to co-ferment glucose and
xylose, a desired trait for producing cellulosic biofuels by engineered
S. cerevisiae. In the first part of the study, we expressed selected
transporters in engineered S. cerevisiae optimized for efficient xylose
fermentation lacking major hexose transporters to screen and char-
acterize transporters that capable to co-ferment both sugars.[38!
We identified that L. starkeyi LST1_205437 and A. thaliana SWEET7
have an ability to co-ferment glucose and xylose simultaneously. To
understand kinetic background behind simultaneous glucose and
xylose co-fermentation, we performed kinetic study using 1*C labeled
sugars. Kinetics studies revealed that both transporters transports
xylose in the presence of glucose. Cryo-EM or/and X ray crystallog-
raphy of the selected transporters have not been resolved. Hence, to
explain molecular basis of this unique trait observed in the selected
transporters, we employed in silico molecular modelling and dynamics
simulation (MD). Using crystal structure of OsSWEET2b and XylE
transporters as a homology template, we performed molecular simu-
lation of glucose and xylose transport in LST1_205437 and A. thaliana
SWEET?7.

The study demonstrated that bioprospecting approach still can be
a versatile tool to identify novel transporters with unorthodox protein
motifs and residues for glucose and xylose cotransport. By combining
kinetics and molecular simulation study, we were able to get insights
into a molecular basis and responsible amino acid residues enabling
co-transport of glucose and xylose in LST1_205437 and AtSWEET7
(Figure 1).

2 | MATERIALS AND METHODS

2.1 | Medium and cell growth conditions

Under non-selective conditions, all strains were grown YPD agar plates
(2% w/v agar, 1% w/v yeast extract, 2% peptone and 2% glucose). A sin-
gle colony from YPD agar plate was inoculated into 2 ml YPD liquid
medium to obtain seed cultures. For growth study, the seed cultures
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FIGURE 1

Bioprospecting strategy implemented in this study. This figure depicts the main steps applied to identify novel xylose and glucose

co-transporting transporters. (a) Identification transporters from emerging oleaginous yeasts Lipomyces starkeyi and Rhodosporidium toruloides. (b)
Characterization of SWEET transporters from Arabidopsis thaliana. (c) Schematic fermentation profile of a sugar mixture containing glucose and
xylose by the engineered S. cerevisiae. Glucose presence inhibits xylose transport leading to sequential sugar utilization. Application of the
discovered transporters relief glucose inhibition of xylose transport, leading to glucose and xylose co-consumption

were then used to inoculate 25 ml of YPD and YPX medium (10 g L't
yeast extract, 20 g L'! peptone, and 20 g L' xylose or glucose) in a
125 ml shake flask with a starting OD600 of 1. The cells were then
grown at 30°C and 250 rpm.

For flask fermentation, a single colony was inoculated to 5 or 25 ml
YPE (1% w/v yeast extract, 2% peptone, 5% ethanol) supplemented
with 200 ug ml'! of geneticin to obtain seed cultures. Subsequently,
seed cultures were inoculated to 25 ml of YPD,YPX and YPDX medium
(10 g L'! yeast extract, 20 g L'* peptone, and 20 g L'! xylose or/and glu-
cose) in a 125 ml shake flask with a starting OD600 of 1, 5 or 10 for
flask fermentation. Flask fermentations were maintained at 30°C and
250 rpm. CaCOz at 50 g L were added for high sugar fermentations
in YPDX medium (10 g L'? yeast extract, 20 g L' peptone, 70 g L' glu-
cose and 40 g L' xylose).

A previously constructed xylose fermenting S .cerevisiae yeast (SR8)
with HXT1-7A, GAL2A deletions was used for transporter screening
and characterization (SR8D8).12381 SR8D8 was grown in YPE medium
(10 gL yeast extract, 20 g L2 peptone, and 5 g L1 ethanol). The codon
optimized sugar transporter genes from L. starkeyi, R. toruloides and
A. thaliana were expressed in SR8D8 using G418 resistance dominant
marker harboring plasmid for glucose and/or xylose transport charac-
terization. SR8D8 strains transformed with plasmid containing KanMX
marker conferring resistance to G418 (geneticin) were propagated on
YPE supplemented with 200 ug ml" of geneticin. For growth and flask
fermentation experiments all media was supplemented with 200 ug
ml'! of geneticin for plasmid maintenance. Biomass was calculated
from the OD600 measured using a Biomate 5 UV-visible spectropho-
tometer (Fisher, NY, USA). All growth rates were measured using a

Bioscreen C plate reader system (Growth Curves USA, Piscataway, NJ,

USA). A 2 uL inoculum of fully-grown culture was added into 200 uL
YP containing 200 ug ml"! Geneticin with varying concentrations of
different sugars. A wide band filter (420-580 nm) was used to measure
optical density. Bioscreen C values represent mean value from three
biological replicates. In all cases, the Bioscreen C was set to maintain
a temperature of 30°C and high aeration through high continuous
shaking.

2.2 | Plasmid construction and transformation

All transporters were cloned into p42K-GPD1p-CYC1t plasmid har-
boring 2u replication origin and KanMX marker conferring resis-
tance to G418 (geneticin) antibiotic. For AtSWEET transporters p42K-
GPD1p-CYC1t plasmid were linearized with BamHI and Xhol enzymes.
AtSWEETs were PCR amplified and digested with BamHI and Xhol.
Linear p42K-GPD1p-CYC1t and AtSWEETs were ligated with T4 lig-
ase according to manufacturer’s protocol. For R. toruloides and L.
starkeyi transporters p42K-GPD1p-CYC1t plasmid were linearized
with BamHI and EcoRI enzymes. The trasnporters were PCR ampli-
fied and digested with BamHI and EcoRI. Both p42K-GPD1p-CYC1t
and the transporters were ligated with T4 ligase according to manu-
facturer’s protocol. All plasmid was transformed into E. coli DH5« for
propagation and maintenance. SR8D8 yeast strain was grown on YPE
medium for transformation. SR8D8 transformations were performed
using LiAc method according to Gietz et al.[3?] Transformants were
selected on YPE plate supplemented with 200 ug ml'! of geneticin.
AtSWEET1 and AtSWEET mutants were synthesized as gBlocks and
cloned into p42K-GPD1p-CYC1t as described before (Integrated DNA
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technologies, IA, USA). Variants of LST1_205437 mutant were synthe-
sized from Twist Biosciences (Twist Biosciences, CA, USA) and cloned
as previously described.

2.3 | 14C labeled sugar uptake assay

SR8D8 containing the respective plasmid was grown on selective
YPE medium to an OD600 of 1-1.5, harvested by centrifugation, and
washed twice in ice-cold uptake buffer (100 mM potassium phos-
phate, pH 6.5). 14C labeled sugar uptake assay was done according to
Boles and Oreb.[40] Radioactivity was analyzed in a Beckman-Coulter
LS6500 multi-purpose liquid scintillation counter (Beckman-Coulter,
CA, USA).

Uptake was measured at sugar concentrations 0.2, 1, 5, 25, and
100 mM for glucose and 1, 5, 25, 66, 100, 200, and 500 mM for xylose.
Inhibition of xylose uptake by glucose was measured at 25, 66, and
100 mM xylose with additional 25 and 100 mM unlabeled glucose.
Sugar solutions contained 0.135-0.608 uCi of D-[U-14C]-glucose (290-
300 mCi mmol!) or D-[1-14C]-xylose (55 mCi mmol1) (PerkinElmer,
MA, USA). Calculation of K, (Michaelis constant), V,,ax (maximal ini-
tial uptake velocity), and K; (inhibitor constant for competitive inhibi-
tion) was done by nonlinear regression analysis and global curve fitting
in Prism 7 (GraphPad Software) with values of three independent mea-

surements.

2.4 | Transporter identification

Orthologs of known sugar transporters were identified in R. toruloides
and L. starkeyi using BlastP[41] Glucose transporters from S. cerevisiae
(Hxt7, Hxt2, Hxt1, Hxt3)[4215] and xylose transporters from P, stipitis
(Xut5, Xut2, Rgt2, Xut3)[43] were used as query sequences for blast
search. Search results were filtered by e-value and gene regulation.
MEGA X 10.0.1 tool#4! was used to perform ClustalW alignment for
the filtered putative sugar transporters and identify conserved struc-
tural domains and amino acid residues. The alignment results were

edited using the Jalview 2.8 tool#%] for enhanced visual presentation.

2.5 | Transporter modeling

The homology models of ScGal2, LST_205437, AtSWEET1 and
AtSWEET7 were constructed using Modeller.!4¢] The OF and IF mod-
els of Scal2 and LST_205437 were built using the structural template
XylE (PDB ID: 4GBZ and 4JA4)[4748] The 3D coordinates of XylE
structures are obtained from protein databank. The structural models
of OC and OF states of AtSWEET1 and AtSWEET7 are obtained
using MD predicted structures of OsSWEET2b as template.[3¢] The
IF OsSWEET2b!3*] was used to build both AtSWEET1 and AtSWEET7
IF models. Molecular docking was performed using Autodock soft-
ware package.[4?! The PDBQT format files for protein and substrate

molecules were obtained using AutoDock Tools. The grid files

were generated using Autogrid4 and docking was performed using
Autodock4.1491 The docking files were visualized using pymol (The
PyMOL Molecular Graphics System, Version 1.7, Schrodinger, 2015).

3 | RESULTS

3.1 | Identification of putative xylose transporters
in Rhodosporidium toruloides and Lipomyces starkeyi

We used knowledge of existing yeast sugar transporters to iden-
tify sugar transporters in R. toruloides and L. starkeyi, which have not
been searched for sugar transporters. We found multiple orthologs
to HXT transporters from S. cerevisiae and XUT transporters from P.
stipitis. We filtered the transporters with 12 TM domains and con-
served sequence motifs (Figure 2A).[20] Recent studies have shown
the involvement of the conserved motif G[G/FIXXXG,!2¢! and Thr213
and Asn370 residues!?2] in Hxt7 towards xylose specificity. As such,
we used these conserved motifs and residues to refine glucose and
xylose specific transporters in R. toruloides and L. starkeyi. For L. starkeyi,
LST1_106361 and LST1_205437 were identified as putative glucose
transporters and LST1_76 was identified as a putative xylose trans-
porter. For R. toruloides, RTO4_11075 and RTO4_13042 were identified
as putative glucose transporters, and RTO4_13731 and RTO4_10452
were identified as putative xylose transporters (Figure 2C). The protein

IDs’ were picked from respective gene models at JGI mycocosm.[22:2¢]

3.2 | Screening of Arabidopsis thaliana SWEET and
oleaginous yeast transporters for glucose or xylose
transport

It has been well reported that SWEETs transport different sugars,
which encouraged us to examine xylose and glucose transport capabil-
ities of 17 AtSWEET1-17. We used an engineered S. cerevisiae strain
(SR8D8) capable of xylose fermentation which lacks the Hxt1-7 and
Gal2 transporters—rendering it unable to grow on glucose or xylose—
for the examination.[638] We measured growth kinetics of SR8D8
transformants expressing the A. thaliana SWEETs and putative oleagi-
nous yeast transporters using glucose and xylose as a sole sugar (Fig-
ures 2B,C, and 3). ScGal2 expressing SR8D8 was used as a positive
control. Most of the SR8DS8 transformants expressing AtSWEETs and
putative oleaginous transporter were not able to grow on glucose
or xylose. Only AtSWEET4, AtSWEET7, and LST1_205437 expressing

strains exhibited robust growth on xylose and glucose (Figure 3A).

3.3 | A.thaliana SWEET and L. starkeyi
LST1_205437 transporters conferred glucose and
xylose cofermentation ability in engineered yeast

To test if the selected transporters can enable consumption of both

sugars simultaneously upon introduction to the SR8D8 strain, we
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FIGURE 2 Bioinformatics analysis for transporter identification. (a) Most monosaccharide transporters in yeasts have 12 TM domains
(represented in blue). The conserved motifs identified in yeasts transporters are marked in orange (I-V). Motif X (marked in green) has recently
been identified as a key motif involved in xylose specificity. (b) A phylogenetic tree of the 17 A. thaliana SWEET transporters clusters the
monosaccharide and disaccharide transporters independently. (c) Multiple sequence alignment of putative transporters: Thr213 and Ans370 are

conserved in reported glucose transporters in yeasts
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the SR8D8 strain expressing transporters were summarized using a plot with. X axis represents the cell densities on glucose and Y axis represents
the cell densities on xylose. Cell densities of the transporter-expressing strains at 40 h were presented. (b) Growth curves of the four strains with
an overexpression cassette of GAL2, AtSWEET4, AtSWEET7, or a control plasmids (SRD8) on xylose and glucose. The dots and line lines are means

from duplicated cultures

performed flask fermentations with a mixture of glucose and xylose
and monitored sugar consumption over time. We used the SR8D8
expressing GAL2 as a baseline control for determining co-consumption
phenotypes, because it is known to transport both glucose and xylose
in a sequential manner (Figure 4A). In addition, we included AtSWEET1

as an additional control for AtSWEETs, because it is most studied
SWEET transporter and confers growth of SR8D8 on glucose (Figure
S1A).13250,51] Both AtSWEET4 and AtSWEET7 showed simultaneous
co-utilization of glucose and xylose with different rates within 24 h.
While AtSWEET1 showed a complete preference for glucose with
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FIGURE 4 Glucose and xylose mixed sugar fermentation profile and inhibitory effect of glucose on xylose transport. 20 g L'! of glucose and
xylose mixed sugar fermentation by SR8D8 expressing ScGal2 (sequential fermentation) (a), LST1_205437 (partial cofermentation) (b), AASSWEET7
(true co-fermentation) (c). Symbols: glucose (square), xylose (triangle up), DCW (circle). Inhibitory effect of 0, 25, and 100 mM glucose on xylose
transport in SR8D8 expressing ScGal2 (d), LST1_205437 (e) and AtSWEETY7 (f). Global curve fitting for Michaelis-Menten kinetics with competitive
inhibition was applied to data of three independent measurements at each concentration

negligible xylose consumption (Figure S1a), AtSWEET4 showed co-
consumption of glucose and xylose with a faster glucose consumption
rate than that of xylose (Figure S1b). Interestingly, AASSWEET7 enabled
simultaneous co-consumption of glucose and xylose with almost same
rates of sugar consumption (Figure 4c). LST1_205437 transporter from
L. starkeyi showed co-consumption of glucose and xylose (Figure 4b)
but glucose consumption was faster than xylose consumption. In fur-
ther experiments, we chose AtSWEET1 as a sole glucose transporter,
AtSWEET7 as a glucose and xylose co-transporter, and LST1_205437
as a semi glucose and xylose co-transporter. AtSWEET7 transports
both sugars simultaneously, but suffer from slow transport capacity.
While LST1_205437 performs partial co-consumption, it has an effi-
cient transport capacity for both glucose and xylose. The difference
could be attributed to the structure and function of the transporters
within the isolated organism.

Next, we evaluated fermentation performances of the SR8D8 trans-
formants expressing AtSWEET1, AtSWEET7 and LST1_205437 under
glucose or xylose conditions (Figure S2). As expected, AtSWEET7 and
LST1_205437 transporters enabled glucose and xylose fermentation,
depleting all provided sugars. In contrast, AtSWEET1 enabled robust
glucose fermentation but inefficient xylose fermentation withonly 5 g

L1 of xylose consumption within 50 h.

3.4 | Kinetic and molecular properties of A. thaliana
SWEET7 and L. starkeyi LST1_205437

To understand kinetic and molecular basis of AtSWEET7 and
LST1.205437 glucose and xylose co-transport phenotypes, we

performed radiolabeled sugar transport kinetics experiments, and

in silico molecular modeling simulations with ScGal2 and AtSWEET1
served as representative controls. ScGal2 was confirmed to be a high
affinity glucose transporter (Ky = 1.613 mM, Vi, = 38.33 nmol
min-mg1), with low affinity toward xylose (Ky = 320.5 mM) (Figure
S3c, and Table 1). Glucose transport kinetics of LST1_205437 was
inferior to the ScGal2 transporter (Ky = 4.975 mM, Vo = 46.89 nmol
min-mg1), whereas xylose kinetics was superior (Ky = 145.3 mM,
Vinax = 76.8 nmol min-mg1) (Figure S3e, and Table 1). These transport
kinetic differences were not noticeable during sole sugar fermentation,
unlike mixed sugar fermentation (Figure S2a-2b).

We then compared transport kinetic properties of AtSWEET1
and AtSWEET7. The results showed that AtSWEET1 transports glu-
cose more efficiently as compared to AtSWEET7, with very poor
xylose transport kinetics (Figure S3b and S3d). These kinetics results
of AtSWEET1 and AtSWEET7 are consistent with the fermentation
results (Figure S2a-2b) by the SR8DS8 strains expressing AtSWEET1
and AtSWEET?7.

Individual sugar uptake kinetics results of LST1_205437 supported
the partial glucose and xylose co-consumption phenotype. However,
the engineered yeast expressing AtSWEET7 showed apparent co-
consumption of glucose and xylose, while kinetics results indicated dis-
crepancies in Ky (Ky =75 mM for glucose and Ky = 308 mM) (Table 1).
These results prompted us to directly investigate the xylose transport
rates by ScGal2, LST1_205437 and AtSWEET?7 in the presence of glu-
cose. We performed xylose uptake assay with 25 or 100 mM glucose,
similar conditions that were used in previous study.[22] As shown in
(Figure 4d) xylose transport by ScGal2 was completely inhibited in
the presence of glucose (K; = 2.3 mM). This kinetic behavior of ScGal2
is consistent with the mixed sugar fermentation result (Figure 4a).

Interestingly, xylose transport by LST1_205437 was less inhibited by
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TABLE 1 Kinetic properties of ScGal2, AtSSWEET7, and LST1_205437
Transporter Glucose Xylose
K., (mM) Vimax (nmol-min~1.mg1) K., (mM) Vimax (nmol-min~1.mg1) K; (mM)
ScGal2 1.6 + 0.2 383 + 14 320.5 + 70 88.7 + 10.0 24 +05
[AtSWEET7 74.1 + 13.0 1103 + 7.2 308.7 + 86 100.9 + 14.8 370.6 + 109
LST1_205437 50+ 10 470 + 2.6 1453 + 43 76.8 + 9.0 267 + 6

Determined by zero-trans influx measurements with transporter-overexpressing SR8D8 and calculated with cell wet weight. SEM is indicated.
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FIGURE 5 Glucose and xylose mixed sugar fermentation profile using industrially relevant sugar concentrations. 70 g L' of glucose and 40 g
L1 xylose mixed sugar fermentation by SR8D8 expressing ScGal2 (a), LST1_205437 (b), AtSWEET7 (c). Symbols: glucose (square), xylose (triangle
up), DCW (circle). The values are the means of two independent experiments, and the error bars indicate the standard errors

glucose than those by ScGal2 (Ki = 26.7 vs. 2.3 mM) (Figure 4e).
As a result, the LST1_205437 expressing strain showed a partial
co-consumption of glucose and xylose (Figure 4b). Remarkably,
AtSWEET7 showed no inhibition of xylose transport by glucose
(Figure 4f, Table 1) (Figure 4c). Next, we performed a mixed sugar
fermentation experiment under industrially-relevant sugar concen-
trations of 7% glucose and 4% xylose to validate co-fermentation of
AtSWEET7 and LST1_205437. As expected the ScGal2 expressing
strain exhibited a sequential utilization of glucose and xylose (Fig-
ure 5a). The sugar utilization profile of the LST1_20437 expressing
strain was consistent with the kinetics data, showing partial xylose and
glucose co-consumption (Figure 5b). The AtSWEET7 expressing strain
showed co-consumption of glucose and xylose even at higher glucose
concentrations, further supporting that AtSWEET?7 is indeed glucose
and xylose co-transporter which is insensitive to glucose inhibition
even under high glucose concentrations (Figure 5c).

To probe critical amino-acid residues responsible for the observed
phenotypes—severe and partial glucose inhibition on xylose—of ScGal2
and LST1_205437, we performed in-silico docking studies to pre-
dict the preferred binding sites of glucose and xylose in ScGal2 and
LST1.205437. We constructed the homology models of outward-
facing (OF) and inward facing (IF) states of ScGal2 and LST1_205437
using the closest homologous structure, XylEl4748] and docked glu-
cose and xylose into the primary binding site (see Section 2 for details)
(Figures 6 and S4-5). Glucose and xylose exhibited conserved bind-
ing mode in ScGal2 and LST1_205437 in OF states and our docked
pose shows close match with previous studies based on XylE[“8] (Fig-

ure 6a-d). The non-conserved residue Tyr446 in ScGal2 is involved

in hydrogen bond interaction with both substrates while the equiva-
lent residue Phe433 in LST1_205437 does not form any polar inter-
action. The presence of additional hydroxylmethyl moiety in glucose
forms favorable contact with Thr219 (ScGal2)/Thr209 (LST1_205437)
and stabilizes glucose in the binding site. However, striking differ-
ences were observed in the binding mode of substrate molecules in
the IF state (Figure 6e-h). The structural transition to IF state exposes
Asn346 (ScGal2) to the binding site and plays crucial role in sub-
strate translocation. Both glucose and xylose were involved in hydro-
gen bond interaction with Tyr446 and Asn346 in ScGal2. In con-
trast, the equivalent residues Phe433 and Ala335 in LST1_205437
cannot form hydrogen bond interaction with glucose and xylose.
Furthermore, dynamics involving both N- and C-terminal domains
in LST1_205437 leads to co-transport of both glucose and xylose.
In contrast xylose fails to form favorable contact with N-domain
residues in ScGal2 which may be required for efficient transport. To
validate the docking results, we constructed the SR8D8 expressing
LST1_205437 with Ala335Asn mutation (LST1_205437_A335N) and
examined the profile of glucose and xylose utilization. As expected,
the Ala335Asn mutation of LST1_205437 increased glucose uptake
and decreased the xylose uptake as compared to the wild type
(Figure S6).

In contrast to ScGal2 and LST1_205437 with 12 TM domains,
AtSWEET7 with 7 TM domains showed no inhibition of xylose trans-
port in the presence of either 25 or 100 mM glucose (Figure 4f and
Table 1). This unique kinetic property of AtSSWEET7 is consistent with
the fermentation result (Figures 4c and 5c). Both AtSWEET1 and
AtSWEET7 are structurally related to each other, but when expressed
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FIGURE 6 Predicted binding orientation of glucose and xylose in ScGal2 and LST1_205437. The dock poses of glucose and xylose in OF
conformations for LST1_205437 (a,c) and ScGal2 (b,d), respectively. The dock poses of glucose and xylose in IF conformations for LST1_205437

(e,g) and ScGal2 (f,h), respectively

in SR8D8 they showed different mixed-sugar fermentation phenotypes
(Figure S7). The AtSWEET 1 expressing strain consumed glucose rapidly
but did not utilize xylose (Figure S1a). The AtSWEET7 expressing strain
consumed glucose and xylose simultaneously (Figure 4c). In a previ-
ous study, we characterized the complete glucose transport cycle in
OsSWEET2b using molecular dynamics (MD) simulations.[3¢! Using the
MD predicted structures of the occluded (OC) and OF states as struc-
tural templates, we constructed the homology models of intermedi-
ate conformations of AtSWEET1 and AtSWEET7 (Figure 58).[3¢] The
IF models were built using an OsSWEET2b crystal structure.!34] The
substrate molecules were docked in three different states and bound
poses were predicted to be similar in both AtSWEET1 and AtSWEET7
(Figures 7 and S9). However, the major differences between AtSWEET1
and AtSWEET7 were observed in the non-conserved residues that sta-
bilize the glucose and xylose in the binding site. The docking results
reveals that substrate molecules are sandwiched between Trp59 and
Trp183 in AtSWEET7 while the equivalent residues in AtSWEET1 are
Ser54 and Trp176 cannot form a strong stacking interaction with sub-
strates (Figure 7). Molecular simulations have also shown that the
presence of two bulky aromatic residues in the binding site of bacte-
rial SemiSWEET with one THB decreases the substrate dynamics and
thereby increases the energetic barrier for substrate transport (28).
Similarly, the non-conserved residues Asn145 (Ser138) and Asn179
(Cys172) in AtSWEET7 have an extended amide group that forms
favorable contact with both substrates in all three major conforma-
tional states (Figure 7) whereas the counterpart residues Ser138 and
Cys172in AtSWEET1 cannot form favorable interactions in all the con-
formational states. To validate our findings, we mutated Trp59Ser in
AtSWEET7 and observed decreased xylose transport without affect-
ing the glucose uptake (Figure $10d). We also identified secondary

hydrophobic gating residues in our previous study and mutating of one
of the hydrophobic residues beneath these gating residues Phe168Ala
in AtSWEET1 improves the glucose transport and allows the co-

transport of xylose (Figures S9 and S10c).

3.5 | Alteration of Asn365 amino acid residue in L.
starkeyi LST1_205437 changes sugar preference

Asn370/376 residues in S. cerevisiae hexose transporters Gal2 and
Hxt7 play a critical role in glucose and xylose co-transport.!22] Replac-
ing the Asn370/376 residue in Gal2 and Hxt7 with either hydrophobic
or hydrophilic amino acids led to alleviation of glucose inhibition on
xylose transport.[22] Interestingly, LST1_205437 transporter retains
Asn365 (equivalent to Asn370 in Gal2) residue and show partial
inhibition of xylose uptake by glucose (Figure 4b,e). We sought to
test if alteration of Asn365 residue in LST1_205437 to phenylalanine,
serine or valine would further alleviate glucose inhibition on xylose
transport, allowing complete co-fermentation of glucose and xylose.
We found that Asn365Phe, Asn365Ser, and Asn365Val mutations
in LST1_205437 resulted in similar phenotypic changes as it was
reported by Farwick et al. Particularly, Asn365Phe mutation abolished
glucose transport while retaining xylose, Asn365Ser and Asn365Val
showed co-fermentation phenotypes (Figure 8b-d). Our computational
investigation also showed that Asn365 mutation to phenylalanine ster-
ically hinders the binding mode of the glucose molecule and hence
results in loss of transport function (Figure 7e). Altogether Asn365
residue mutation functions not only in S. cerevisiae transporters but
also in L. starkeyi LST1_205437, supporting the universal importance

of Asn370/376 residue in closely related yeast hexose transporters.
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4 | DISCUSSION

The wealth of sequencing information and recently discovered SWEET
family sugar transporters are still unexplored by bioprospecting for
tackling glucose and xylose co-transport problem. In this study, we
undertook a bioprospecting approach to identify glucose and xylose
co-transporting transporters from unexplored oleaginous yeasts and
plant (Figure 1). We identified 8 putative xylose transporters in R.
toruloides and L. starkeyi (Figure 2c). However, experimental validation
of the putative transporters using a xylose-fermenting S. cerevisiae
lacking major hexose transporters (SR8D8) showed that only L. starkeyi
LST1_205437 can enable robust growth on either glucose or xylose
(Figure 3a). Interestingly, LST1_205437 retained conserved Thr213
and Asn370 residues, and demonstrated a partial cofermentation of
glucose and xylose (Figure 4b). Furthermore, the glucose inhibition
kinetics by LST_205437 showed less glucose inhibition on xylose
transport whereas ScGal2 exhibited severe glucose inhibition on
xylose transport even under a low glucose concentration (25 mM) (Fig-
ure 4d,e). This observation provides evidence that other than Thr213
and Asn370 residues might be involved in the partial cofermen-
tation phenotype. In silico analysis reveals that the non-conserved
residues Tyrd446/Phe433 and Asn346/Ala335 might play crucial

role in substrate binding and transport in ScGal2 and LST1_205437
(Figure 6). The increase in polarity restricts the binding of xylose only
to C-terminus in ScGal2; however, dynamics involving both C and N
domains is essential for efficient transport of both glucose and xylose
in LST1_205437. The fermentation experiments also support our
prediction and mutation of Ala335Asn decreases the xylose uptake in
LST1.205437.

Most studies related to xylose transporters focused on MFS (Major
Facilitator Superfamily) type transporters with 12 TM domains, and
other families of sugar transporters have been overlooked. Here,
we expanded bioprospecting approach toward SWEET family trans-
porters. A. thaliana has 17 SWEET transporters that can transport
either monosaccharides or disaccharides across a membrane via
concentration gradients (Figure 2b).152] According to Han et. al. A.
thaliana SWEETs can be divided into two distinct groups based on
conserved residues dictating sugar preference to monosaccharide or
disaccharide. However, the authors discovered that this division could
not reflect sugar specificity for all AtSWEETs. In particular, Han et al.
showed that AtSWEET13 have both glucose and sucrose transport
activities.[33] Therefore, in this study, we screened all 17 AtSWEETs
to identify xylose and glucose transporter. Interestingly, 17 AtSWEETs

share sequence similarity and yet showed very different sugar uptake
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phenotypes on glucose or xylose. We confirmed AtSWEET1 to be a
glucose transporter with almost no xylose transport capacity, whereas
AtSWEET4 and AtSWEET7 showed both glucose and xylose transport
capacities (Figure S1 and Figure 4c). Moreover, among screened trans-
porters, AtSWEET7 exhibited complete co-fermentation phenotype.
The kinetic analysis of AtSWEET7 revealed no glucose inhibition of
xylose transport, though the glucose and xylose transport kinetic
properties were poorer than ScGal2 and LST_205437 (Figure 4f and
Figure S3). Moreover, AtSWEET7 exhibited complete co-fermentation
of glucose and xylose even at high residual glucose concentrations,
suggesting the transporter is completely insensitive to glucose inhi-
bition (Figure 5c). Recently, Podolsky et al., demonstrated utility of
fungal SWEET transporters to tackle glucose and xylose cotransport
problem. The authors demonstrated that the wild-type NcSWEET1
and the best performing chimera derived from it allowed co-transport
of glucose and xylose. However, in their experimental setup S. cerevisiae
expressing wild type and the chimera transporter co-consumed only
20 g L't of sugars within 120 h.I37] Similar results were achieved in
engineered Asn366Thr Hxt11 transporter, which belongs to MFS
family, engineering of native glucose and xylose co-transporter with
more simpler molecular structure than MFS might be advantageous
for transporter engineering.!2°]

More recently, we investigated the glucose transport cycle in
OsSWEET2b and Bacterial SemiSWEET with 3 TMs and reported
that substrate transport mechanism varies between closely related
families of transporters.[3¢] We constructed the homology models of
AtSWEET1 and AtSWEET7 intermediate states and docked the sub-

strate in the binding site (Figures 7 and S9). The results revealed that
the substrate molecules were sandwiched between Trp59 and Trp183
in AtSWEET7, thereby enables the structural transition to other states
for efficient transport. The lack of one of the aromatic counterpart may
lead to the increase in conformation degrees of rotational freedom that
could possibly affects the substrate stability in the binding site and
the transport.[591 As expected, the mutation of Trp59 decreased the
xylose transport in AtSWEET?7 (Figure S10d). In a previous study, we
identified a hydrophobic gate at the center of transporter and open-
ing of these gates drives the conformational transition of IF state.[3¢] In
AtSWEET1, Phel69 is located just beneath the hydrophobic gates and
the mutation of this residue to alanine increases the glucose uptake and
shows partial cotransport of xylose (Figure S10c). Although SWEETs
transport both glucose and xylose via the same translocation pore, the
free energy barriers and the critical residues that facilitate the trans-
port along the pore cavity could be different. Extensive long timescale
simulations are required to characterize the mechanistic difference
between glucose and xylose transport that provides more insights into

atomic-level details of the transport mechanism.

5 | CONCLUSION

In summary, this work demonstrates how bioprospecting can iden-
tify unique transporters for industrial applications. Availability of
vast amounts of sequencing information, allowed us to identify and

characterize yeast transporter LST_205437 that has partial glucose
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and xylose co-consumption capacity. We found that LST_205437 has
non conserved amino acid residue responsible for the phenotype. We
characterized newly discovered SWEET transporters, which are struc-
turally different from its yeast counterparts. Using in silico modeling, we
were able to identify key amino acid residues responsible for glucose
and xylose co-transport. The discovered data could be further used for
rational transporter engineering of AtSWEETSs and yeast transporters
to improve xylose and glucose transport characteristics. Altogether,
information gathered in this study will increase the understanding
of yeast hexose transporters and SWEET transporters, providing
valuable information for industrial biotechnology and fundamental

biology.
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